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Abstract

Objectives. To study the equilibrium distribution of components between KU-2-8 sulfocationite and an aqueous solution containing
picolinic acid and Cu(Il); to show the possibility of immobilization of cations of picolinic acid and Cu?" in sulfonic cation exchanger
KU-2-8; to calculate the component compositions of the equilibrium solution, in order to obtain the required ionic composition of the
KU-2-8 sulfonic cation exchanger according to the selectivity coefficients of binary ion exchange, and the constants of formation of such
complexes in water.

Methods. The concentrations of the individual components in multicomponent solutions were calculated using the HySS 2009
program (Hyperquad Simulaton and Speciation). The calculation of the equilibrium ionic compositions of KU-2-8 sulfocationite was
performed using the selectivity coefficients of binary ion exchanges and the formation constants of complexes of picolinic acid with Cu?*
and H* cations. Experimental study of the equilibrium distribution of components between aqueous solutions of picolinic acid, copper
nitrate, and KU-2-8 sulfocationite was carried out by means of the dynamic method at a temperature of 298 K. Fourier-transform infrared
spectroscopy and electron paramagnetic resonance spectroscopy were used, in order to determine the ionic forms of the components
contained in the sulfocationite.

Results. It was shown that the equilibrium solution contains H protons, Cu?" cations, LH picolinic acid molecules, protonated picolinic
acid cations [H,L]", deprotonated picolinic acid anions L~ Cu?" complexes with the deprotonated picolinic acid anion [CuL]*, and Cu"
complexes with two anions of deprotonated picolinic acid [CuL,]. The concentration of H, Cu?", and [H,L]" cations in the solution
significantly exceeds the concentration of other components at pH values from 0 to 0.5. The content of [CuL]" cations and neutral
complexes [CuL,] increases significantly in the solution, while the [H,L]" cations disappear at pH greater than 1. It was experimentally
established that the concentrations of picolinic acid and copper in the polymer phase are many times higher than the concentrations
of these components in an aqueous solution. The partition coefficients are about 24 and 210 for picolinic acid and Cu(II), respectively.
The calculated dependencies of the concentrations of Cu?*, [H,L]*, H', [CuL]" cations in the polymer vs pH of an equilibrium solution
containing picolinic acid were obtained. The experimental data on the concentrations of all cations in the ion exchanger is in the intervals
of the calculated compositions within the limits of measurement errors.

Conclusions. KU-2-8 sulfocationite is proposed as a container for obtaining drugs based on picolinic acid and Cu®* cations.
It was shown that the selectivity coefficients of binary ion exchanges and the formation constants of [H,L]", [CuL]" complexes
can be used to precalculate the ionic compositions of the equilibrium solution, in order to obtain the required compositions of the
sulfocationite.
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KU-2-8 sulfocationite, picolinic acid, copper(Il) cations, sorption Revised: 31.03.2023
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AHHOTaUUuS

Leaun. M3yunts paBHOBECHOE pacHpe/eleHIe KOMIIOHEHTOB MeX Iy cyabdokarnoHuToM KY-2-8 1 BOXHBIM pacTBOPOM, COEpPIKAIINM
mukoiHOBYI0 kucaoty i Cu(Il); TToka3aTh BOSMOKHOCTh HMMOGHITH3AIMA KATHOHOB TIHKOITHHOBOH KrcaoTs i1 Cu?" B cymbdokaTHoHH-
Te KY-2-8. BeImoaHUTE nmpepacier KOMIIOHEHTHOTO COCTaBa PABHOBECHOT'O pacTBOpa AJIS ITOIyYeHHsT HE0OXOMMOT0 HOHHOTO COCTaBa
cynbdoxarronura KY-2-8 mo xordpunuenTam ceaekTHBHOCTH OMHAPHBIX HOHHBIX OOMEHOB M KOHCTaHTaM 00pa30BaHMs KOMILICKCOB
B BOJIC.

Mertoabl. KOHIICHTpAIIMH WHAWBHIYAIBHBIX KOMIIOHEHTOB B MHOTOKOMIIOHEHTHBIX PacTBOPAX PACCYMTHIBAIM C MOMOIIBIO HPOTpaM-
el HySS 2009 (Hyperquad Simulaton and Speciation). PacueT paBHOBECHBIX HOHHBIX COCTaBOB cyibdokarrnonuTa KY-2-8 BeimoaHeH
o ko3 unreHTaM CeleKTUBHOCTH OMHAPHBIX MOHHBIX OOMEHOB M KOHCTaHTaM OOPa30BaHUS KOMILICKCOB MHKOJIMHOBOH KHCIIOTHI
¢ xarmonamu Cu?" i H'. DkcrepiMenTaipHOe HcceTOBaHre PABHOBECHOTO PACTIpEIETCHHS KOMITOHEHTOB MEK/Ty BOTHBIMHU PacTBOpa-
MU [TUKOJIMHOBOH KHUCIIOTHI, HUTpaTa Meau u cyibpokarnonuToM KY-2-8 mpoBeneHo AnHAMUYECKUM METOIOM Ipu Temmeparype 298 K.
Jl1st ompejiesieHust HOHHBIX (JOPM KOMITOHEHTOB, COJCPIKAIIUXCS B CYIb(OKATHOHUTE, UCIOIb30BaHbl HH(PAKPACHAS CIICKTPOCKOTIHS
¢ npeobpazoBanneM Pypbe U CHEKTPOCKOIHNS HIEKTPOHHOTO TapaMarHUTHOTO PE30HAHCA.

PesyabTarhl. [10Ka3aHo, 4To B paBHOBECHOM PACTBOpE cofepkarcs poToHsl HT, karnorst Cu?’, MomeKyibl THKOMMHOBO#H KucnoTs LH,
KAaTUOHBI IPOTOHUPOBAHHOM MMMKOJIMHOBOM KHUCIIOTHI [HZL]*, AHHOHBI IETPOTOHUPOBAHHON MUKOTMHOBOM KHCI0TH L, Kommiekcs Cu2*
C aHHOHOM JIeTIPOTOHHPOBAHHO MHKOTHHOBOH KucaoTh [CuL]?, kommmexcst Cu?t ¢ IByMst aHHOHAMH IETPOTOHUPOBAHHOMN MTHKOTHHO-
Boii kuciorsl [CuL,]. Ipu sHadennsix pH ot 0 10 0.5 B pacTBOpe KOHLEHTpauns KaTHoHoB H™, Cu?t, [H,L]" cyuiecTBeHHO mpeBhImacT
KOHIIEHTPALUIO IPYTHX KOMIIOHEHTOB, Iipy pH Goubire 1 B pacTBOpE 3HAUMTENBHO YBEINUMBAETCS cojepkanue katnonos [Cul]?, neii-
TpanbHbIX KomiuiekcoB [Cul,] u mpakTiuyeckn ucdesaror Karuowsl [H,L]". DKcnepiuMeHTaIbHO YCTAHOBIEHO, YTO KOHLEHTPALUs IH-
KOJIMHOBOM KMCIIOTBI M MEZIM B HOJIMMEPHOH (paze BO MHOTO pa3 MPEBBIIIAET KOHIEHTPALMIO ITUX KOMIIOHEHTOB B BOJHOM PacTBOPE.
Koadduuunents! pacnpeneneHus coctaisiior mpumepro 24 u 210 st nukonuaoBoit kucinotsl 1 Cu(Il) coorBercTBerHo. [lomyueHsr
pacueTHbIE 3aBUCUMOCTH KOHIIEHTPAINH KaTHoHOB Cu??, [H,L]", HY, [CuL]" B mommmepe or pH paBHOBECHOTO pacTBOpA, CoflepIKAalLle-
TO MUKOJIMHOBYIO KHCIIOTY. DKCIIEPUMEHTANbHbIE JaHHbIE O KOHIIEHTPAIUAX BCEX KAaTHOHOB B HOHUTE B TpeJeax OUIMOOK M3MEPEeHHi
TOTMAJal0T B MHTEPBANbl PACIETHBIX COCTABOB.

BeiBoabl. Cynbdokarnonnt KY-2-8 npeasoken B kauecTBe KOHTeWHepa JUisl MOIyYEHHs JISKAPCTBEHHBIX IIPErapaTtoB Ha OCHOBE IH-
KOIMHOBO# KuCI0TH 1 kKarnonos Cu™. Tlo K0d()(PHIUEHTAaM CEIEeKTHBHOCTH OMHAPHBIX HOHHBIX OOMEHOB 1 KOHCTaHTaM 00pa30BaHMUs
KOMILJIEKCOB [HZL]*, [CuL]" BBINONHEH NIPEAPACYET KOMIOHEHTHOIO COCTABA PABHOBECHOTO PACTBOPA IJIsl TIOMyYEHHsI HEOOXOIMMOTO
MOHHOTO cocTaBa cyiabdokarnonura KY-2-8.

KnioueBble cnoBa MocTtynuna: 12.12.2022
cyabpokatnoHuT KY-2-8, MUKOIMHOBAsI KHCIIOTA, KATHOHBI ME/IH, COPOIHs HAopa6oTaHa: 31.03.2023

MpuHgata B neyatb: 22.01.2024
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by Cu(ll)-containing sulfocationite KU-2-8
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INTRODUCTION

Pyridine carboxylic acids are an object of interest

to researchers. Picolinic acid (2-pyridinecarboxylic

acid) is known for its antibacterial activity against

S. aureus, S. epidermidis, E. coli [1]. Fusaric acid,

a picolinic acid derivative, possesses antibacterial,

insecticidal, bactericidal activity [2], while picolinic

acid amides possess anti-inflammatory and analgesic
activity [3]. Copper is widely used in medicine
as an anti-inflammatory, styptic, antibacterial and
antipyretic agent [4, 5]. In pharmacology, Ehrlich’s
idea of the feasibility of targeted drug delivery to the

focus of disease is becoming increasingly relevant [6].

The use of nanocontainers [7] helps to achieve the

desired pharmacokinetics, opening up significant

opportunities for the preservation and storage of
dosage forms. They also enable the vector delivery of
drug substance to the focus of the disease. Studies on
the creation of polymer and biocomposite matrices as
carriers of target pharmaceutical substances [8] and
nanocontainers on matrices of mesh polymers are of

topical relevance [9].

Inthe foodindustry and medicine, the deep desalination
of water, as well as purification of vitamins and
pharmaceuticals, is achieved with the help of sulfonated
copolymer of styrene with divinylbenzene (industrial
KU-2-8 cationite or Dowex 50) [10]. A known
property is its complementarity to pyridinecarboxylic
acids, possessing the highest capacity among other
sulfocationites [11]. It was shown [11] that the
elementary link of sulfonated styrene copolymer with
divinylbenzene is a nanocarrier for pyridinecarboxylic
acid (Fig. 1).

We previously studied the sorption of nicotinic
and isonicotinic acids by Dowex-50 sulphocationite
in Ni(Il)- and Cu(Il)-form and Ag-containing KU-2-4
sulphocationite [12, 13].

The objectives of this study were:

e To study the equilibrium distribution of components
between KU-2-8 sulphocationite and aqueous
solution containing picolinic acid and Cu(Il);
and to show the possibility of immobilization
of picolinic acid and Cu?' cations in KU-2-8
sulphocationite;

e To precalculate the component composition of the
equilibrium solution, in order to obtain the required
ionic composition of KU-2-8 sulphocationite
according to the selectivity coefficients of binary
ionic exchanges and constants of complex formation
in water.

Fig. 1. Structure of a nanocontainer (an elementary unit

of sulfonated copolymer of styrene with divinylbenzene)
containing pyridinecarboxylic acid [11], minimized in terms
of internal energy using the MOPAC 2016 program'

MATERIALS AND METHODS

Strong-acid KU-2-8 cationite (sulfonated copolymer
of styrene with 8% divinylbenzene) has a gel structure,
and contains SO,;H-groups as ionogenic groups.
The total ion exchange capacity is 5.0 mEq per 1 g
of H-form of the dry polymer (2.0 mol per 1 L of
native volume of the swollen ion exchanger phase).
Picolinic (2-pyridinecarboxylic) acid (Kiev plant
RIAP, Ukraine) contained at least 98.0% of the basic
substance. The electrolyte solutions were prepared
from Cu(NO,), (Ural Plant of Chemical Reagents,
Russia), HNO,;, NaNO; (Mikhailovsky Plant of
Chemical Reagents, Russia), chemically pure grade.
The equilibrium distribution of components
between aqueous solutions of picolinic acid, copper
nitrate and KU-2-8 sulfocationite was studied by
means of the dynamic method at 298 K. The working
interval of pH of equilibrium solutions was chosen in
the range of 2.0-2.5. This was based on the content
of components in the solution, and their ability to
participate in the cation exchange reaction. The
multicomponent aqueous solutions were passed
through an ion-exchange column filled with the
Cu?*-form of polymer (5 mL of swollen ionite) until
equilibrium was established (until the compositions
and pH of the initial solution and filtrate coincided).
The equimolar concentrations of picolinic acid and

MOPAC (Molecular Orbital PACkage) is the semi-empirical quantum chemistry program developed by James J. P. Stewart, Stewart

Computational Chemistry, Colorado Springs, Colorado, USA, http://openmopac.net/. Accessed December 12, 2023.
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copper nitrate in the solutions were maintained near
0.005 mol/L (at picolinic acid concentrations above
0.01 mol/L, a precipitate of complexes containing
Cu(II) and picolinic acid forms in the solution). After
reaching the equilibrium state, desorption of picolinic
acid and copper was carried out using a 0.1 M NaNO,
solution. The concentration of picolinic acid in the
solutions was measured using a spectrophotometer
SF-46 (LOMO, Russia) at A =262.7 nm and pH = 6.86.

The total copper concentration in the multicomponent
solutions (2 Ccy) was determined by means of
complexometric titration. The concentrations of the
individual components C; in solutions were calculated
using HySS 2009 software?. The concentration of

components in the polymer (C;) was calculated in moles
per liter of the native volume of the swollen ionite phase.
Infrared (IR) spectra were obtained using an Infralum
FT-801 FTIR spectrometer (SIMEX, Russia) in KBr
tablets. The electron paramagnetic resonance spectra
were recorded on a Bruker EMX micro 6/1 electron spin
resonance (ESR) spectrometer (Bruker EMX, Germany)
atroom temperature (20°C). The number of paramagnetic
centers was calculated by comparison with a standard
sample (Mn?" in MgO). The spectra were processed
using the WinEPR software package?.

RESULTS AND DISCUSSION

The experimental data thus obtained is presented in
Table 1.

Table 1. Equilibrium compositions of KU-2-8 sulfocationite
and aqueous solutions containing Cu(NO,), and picolinic acid
at 298 K

Solution Sulfocationite

Y Ceu 2 Cu ZECH ZEHL
pH

mol/L

2.00 0.005 0.0053 1.04 0.144
2.13 0.005 0.0052 1.04 0.104
2.20 0.005 0.0053 1.06 0.144
2.28 0.005 0.0053 1.05 0.097
2.39 0.005 0.0054 1.05 0.145

2

3

Table 1 shows that the concentration of picolinic acid
and Cu(Il) in the polymer phase is many times higher
than that of the same components in aqueous solution.

The distribution ratios (Ei /' C;) are approximately 24
and 210 for picolinic acid and Cu(II), respectively.

Let us consider the reasons of occurrence of high
distribution ratios. The following reactions take place in
the solution being studied:

L~ +H* =HL, (1)
HL +H* =[H,L]*, )
Cu?* + L~ =[CuL] *, 3)
[CuL]* + L~ =[CuL,] 4)

These reactions can be characterized by the constants
of complex formation as presented in Table 2.

Table 2. Stability constants f*

Substance 1gP
HL (picolinic acid) 5.184
[H,L]* 6.066
[CuL]" 7.9
[CuL,] 14.75

The equilibrium solution contains protons H,
cations Cu?*, molecules of picolinic acid LH, cations of
protonated picolinic acid [H,L]", anions of deprotonated
picolinic acid L=, Cu?" complexes with an anion of
deprotonated picolinic acid [CuL]*, and Cu?**complexes
with two anions of deprotonated picolinic acid [CuL,].
Figure 2 shows the equilibrium ratio of components in
solution as calculated using the HySS 2009 software. At
pH values from 0 to 0.5 in the solution the concentration
of cations H', Cu?*, [H,L]" significantly exceeds the
concentration of other components. The concentration
of H* exceeds the concentration of Cu®*, [H,L]" by
more than 2 orders of magnitude. At a pH level from
0.5 to 1.5, the content of [CuL]" cations, [CuL,]
neutral complexes and [H,L]" cations practically
disappear in the solution. At pH > 1.8 the concentration
of H" decreases significantly. The concentrations of
Cu?" and [CuL]" cations attain values ~0.001 and
~0.003 mol/L, respectively. In the pH range from 1.8 to 2.5

HySS 2009. Hyperquad Simulation and Speciation, Protonic Software, Leeds (UK), Universita di Firenze, Firenze (Italy), 2009.

Software for the Bruker EMX micro 6/1 spectrometer (Bruker Corporation, USA).

4 TUPAC Stability Constants Database. http://www.acadsoft.co.uk/scdbase/scdbase.htm. Accessed December 03, 2019.
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the calculated ratio C[ Cul.

and equal to 3.5. It is clearly in this range of solution
pH, that it is reasonable to consider the equilibrium
ionic composition of the cationite.

I+ / CCuz , remains constant

C, mol/L

0.010
0.008
0.006

0.004

0.002

0.000
pH

Fig. 2. Dependencies of the concentration of individual
components (C;) on pH of aqueous solutions containing
0.005 mol/L Cu(NOs,), and 0.005 mol/L picolinic acid:
() Gy 11
) C[CuL2];
(3) Copas

@ Cey

(5) Cppe 1072

Fourier transform infrared (FTIR) spectroscopy
and ESR spectroscopy were performed, in order to
determine the ionic forms of the components contained
in the polymer. A clear signal of Cu®* ions is observed
in the ESR spectrum of the sample containing copper
and picolinic acid. The free radical concentration is
1.65-10'7 spin/g, the g-factor is 2.1811 and the line width
is 17.5 mTL.

Table 3 shows the wave numbers and the attribution
of absorption bands in the FTIR spectra of picolinic acid.
It also shows salt (C;H,NO,),SO, containing [H,L]"
cations, as well as KU-2-8 sulfocationite in Cu?*-form
and sulfocationite in mixed Cu?*, [CuL]"-form (brought
into equilibrium with a solution containing Cu?* and
picolinic acid at pH 2.20, Table 1). A band at 1574 cm™!
appears in the spectrum of KU-2-8 sulfocationite in
the mixed Cu?', [CuL]*-form. This corresponds to
vibrations of the C=C bond of the pyridine ring [14, 15]
according to theoretical calculations [15] by the
B3PW91/6-311++G** method. The band at 1377 cm™!

corresponds to deformation vibrations of the CH
bond [14] and the band at 1297 cm™' to symmetric
stretching vibrations of CO [14].

The intense bands at 1724, 1741 cm™! corresponding
to the stretching vibrations of the C=0O bond in
COOH [16, 17], observed in the spectra of picolinic acid
and its salt (C;H,NO,),SO,, are absent in the spectrum
of its complex with Ni(II) and sulfocationite KU-2-8
containing Cu?" and complex [CuL]".

Thus, analysis of ESR and FTIR spectra confirms that
the counterionic composition of KU-2-8 sulfocationite,
brought into equilibrium with the solution containing Cu?*
and picolinic acid, is represented by Cu?" and [CuL]"
cations. The Cu?" cation in the polymer phase of KU-2-8
sulfocationite, as in aqueous solution [18], interacts with
the nitrogen atom of picolinic acid to form [CuL]" cations.

In the heterogeneous system containing KU-2-8
sulfocationite, aqueous solution of picolinic acid, copper
nitrate, and protons, ion exchange reactions take place:

2H* +Cu* = Cu2* +2H*, )
H* +[H,L]* =[H,L]* +H*, (6)
H* +[CuL]* =[CuL]* + H*. %

The line above the cations shows that they are part of
the polymer phase.

Let us consider the possibility of calculating the
composition of the ion exchanger phase. Based on the
content of components in the solution, their sorption
capacity, and the above-mentioned reactions, we can
assume that four competing cations participate in
ion exchange on the sulphocationite: Cu?*, [H,L]",
H*, [CuL]". In order to calculate the equilibrium
composition of the sulphocationite phase, we used the
following system of equations (8):

ECu2+ _ . Ccu2+
_ 2 — "CuH 2
(CH+) (CH+)
E[H2L]+ _ .C[HZL]Jr
Cy+ H,L/H CH+ (8)
- C
CrcuLt [CuLT*
=  TlowwH T~
CH+ u CH+
250u2+ +E[H2L]+ +E[CuL]+ +EH+ =F,

where ke, kHzL/H . kcgm are

constants (selectivity coefficients of binary ion
exchanges) of processes (5), (6), and (7) on KU-2-8
sulfocationite according to [19, 20]. The dimension of
component concentration and capacity (£) in the system
of equations (8) is mol/L.

equilibrium
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Table 3. Wavenumbers of absorption bands in FTIR spectra of picolinic acid, its sulfate (H,L),SO,, complex with Ni(II),

and KU-2-8 sulfocationite containing Cu?* and complex [CuL]", cm

-1

Picolinic acid KU-2-8 in counterionic form
Assignments
HL (H,L),80, [Ni(ID)L,2H,0] [14] Cu?" Cu?", [CuL]"
1724s 1741s - - - Stretching vibrations of the C=0
bond in COOH
[16, 17]
- - 1568 - 1574w Vibrations of the C=C bond
FTIR of the pyridine ring
1575.36 [14,15]
Calculation
1573.44
Calculation
- - 1374 - 1377w Deformation in plane of CH [14]
FTIR
1409
Calculation
- - 1299 - 1297m Symmetric CO stretching
FTIR vibrations [14]
1291
Calculation
- - no data 499s 501s, 490s Deformation vibrations
Doublet of C—H and CCC bonds [15]

Note: s is a strong band, w is a weak band, m is a medium intensity band.

By resolving this system of equations, the calculated
dependences of the concentration of cations Cu?*, [HZL]+,
H*, [CuL]" in the polymer on the pH of the equilibrium
solution containing picolinic acid were obtained at

a constant value of & equal to 3.2 (Fig. 3).

H,L/H’

Figure 3 shows that as the pH of the solution increases
from 1.8 to 2.5, the concentration of Cu?" cations in the
polymer slightly increases from 0.87 to 0.93 mol/L. The
concentration of [CuL]" cations remains constant at
0.1 mol/L. The concentration of H" decreases from 0.15 to
0.03 mol/L, while the concentration of [H,L]" cations is
almost zero in the above pH range. The ratio

C[ CuL* /1C a2t in the polymer, equal to 0.11, remains

unchanged. The ratio C[ CuLJ*

cannot be increased either by increasing the concentration
of picolinic acid in solution because of the low solubility
of its complexes, or by decreasing the concentration of
copper nitrate in solution. The latter will lead to a decrease
in the total concentration of Cu?" and [CuL]" cations in
the polymer due to an increase in the concentration of H'.
This is because the concentration of [H,L]" cations is
practically equal to zero, and the total capacity of the
cationite is a constant value. This explains the choice of
the concentration of picolinic acid and copper nitrate in
solution (0.005 mol/L) in the experiment.

Experimental data on the concentrations of all cations
in the cationite within the measurement errors fall within
the intervals of calculated compositions (Fig. 3).

/ CCu2 , in the polymer

C, mol/L
10
o 0000
08
4
06 —3
S
04
S
02 g i i
OO 1 1 1 1 1 1 1
1.8 2.0 22 24
pH

Fig. 3. Dependencies of cations concentration in the polymer
on pH of the equilibrium solution: (/) Cru,L1+; (2) CH*;
(3) CicuLy; (4) Ccu2+. The lines are the calculations
according to the system of equations (8), while the markers are
the experiment. The concentrations of Cu?™ and [CuL]*
cations in the polymer (blue circle and green rhombus) were
obtained from data on the material balance of sorption
processes. The concentration of [CuL]" cations

in the polymer (blue square) was obtained from experimental
data on the change of the concentration of Cu(Il) in the
polymer, taking into account the material balance according

to the reaction Cu?* +2[CuL]* = 2[CuL]* + Cu?*
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CONCLUSIONS

Thus, equilibrium reactions (1)—(7) do occur in
multicomponent heterophase systems consisting of
KU-2-8 sulfocationite and aqueous solutions of picolinic
acid and copper nitrate. Consequently, it is possible to
precalculate the equilibrium ionic compositions of the
solution and KU-2-8 sulfocationite by the selectivity
coefficients of binary ionic exchanges and the constants
of formation of [HZL]+, [CuL]" complexes. It is probable
that KU-2-8 sulphocationite can be considered as
a container for the preparation of drugs based on picolinic
acid and Cu?" cations.
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Effect of glucose—citric acid deep eutectic solvent
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Abstract

Objectives. To study the effect of a deep eutectic solvent (DES) based on glucose and citric acid on the vapor—liquid equilibrium of an
aqueous solution of ethanol.

Methods. A qualitative and quantitative analysis of the conditions of vapor—liquid equilibrium in an ethanol-water—DES ternary mixture
was performed based on the open evaporation method and the measurement of TPxy data using a Swictostawski ebulliometer. Since
the volatility of the DES is negligible in comparison with that of water and ethanol, the composition of the vapor phase was measured
by means of Karl Fischer titration. The conditions of vapor—liquid phase equilibrium were modeled using the UNIFAC model.

Results. The open evaporation method was used to determine the curves of residual concentrations for the ethanol-water—DES mixture
at various DES concentrations and compositions (glucose—citric acid ratios). 7Pxy data was obtained for the mixture produced by adding
30 wt % DES to an aqueous solution of ethanol at atmospheric pressure. Studies show that DES based on glucose and citric acid has
a significant effect on the relative volatility of ethanol in aqueous solution, leading to the disappearance of the azeotropic point. This
effect is due to only the presence of glucose. Citric acid does not change the composition of the equilibrium phases, but rather increases
the solubility of glucose in aqueous ethanol solutions. This is especially important at high ethanol concentrations, since glucose is poorly
soluble in ethanol.

Conclusions. Addition of DES based on glucose and citric acid to an aqueous solution of ethanol leads to the disappearance of the
azeotropic point. DES can thus be considered as a promising entrainer for extracting ethanol from aqueous solutions using extractive
distillation. Modeling of the conditions of vapor—liquid equilibrium in the ethanol-water—DES system using the UNIFAC model showed
a satisfactory level of accuracy. The error in the calculated data increases with increasing the glucose concentration, while remaining
acceptable for practical use.

Keywords Submitted: 03.07.2023

vapor—liquid equilibrium, glucose, citric acid, ethanol-water mixture, Revised: 17.10.2023

glucose solubility Accepted:  19.01.2024
For citation

Klinov A.V., Khairullina A.R. Effect of glucose—citric acid deep eutectic solvent on the vapor—liquid equilibrium of an aqueous ethanol
solution. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2024;19(1):17-27. https://doi.org/10.32362/2410-6593-2024-19-1-17-27

© A.V. Klinov, A.R. Khairullina, 2024 17


https://doi.org/10.32362/2410-6593-2024-19-1-17-27
mailto:khalina@kstu.ru
https://doi.org/10.32362/2410-6593-2024-19-1-17-27

Effect of glucose—citric acid deep eutectic solvent on the vapor-liquid equilibrium

of an aqueous ethanol solution

Alexander V. Klinov,
Alina R. Khairullina

HAYYHAA CTATbA

BnvsiHue rnyooKo 3BTEeKTU4YEeCKOro pactesopurens
rnoKo3a—JIMMOHHAas KUCJIoTa Ha NapOXXUAKOCTHOe
paBHOBecUue BOAHOIo pacTBopa 3TaHona
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AHHOTaUuS

He.Jm. HccnenoBars BIUsiHUE Fﬂy6OKO OBTCKTUYECKOT'O pAaCTBOPUTEIISL (FSP) Ha OCHOBE TJIFOKO3bI M JINMOHHOM KHCJIOTHI Ha Mapoxua-
KOCTHOC€ paBHOBECHUE BOJHOI'O paCcTBOpPa dTaHOJ1a.

MeToapl. /17151 KaueCTBEHHOTO ¥ KOJIMUECTBEHHOTO aHAIN3a YCIOBHH ITapOKUAKOCTHOTO PABHOBECHS B TPEXKOMIIOHEHTHON CMECH 3Ta-
Ho-Boga—I DP mcronb30Banuchk METOI OTKPBHITOTO MCHApeHHs U u3Mepenue 7Pxy MaHHbIX B 20ymuoMerpe CBeHTOCHaBckoro. Tak Kak
netydects ' OP mpeneOpexnMo Masia 1o CPaBHEHHIO C JETYYeCTHIO BOIBI M 9TAHOJA, COCTAB MApOBOH (a3bl M3MEPSUICS THTPOBAHHU-
em o metony Kapma ®umepa. Monennposanue ycioBuii (a3oBoro maposkHIKOCTHOTO PAaBHOBECHS MPOBOAMIOCE HA OCHOBE MOZAEIN
UNIFAC.

Pe3yabTarbl. METOIOM OTKPBITOTO HCHAPEHUS TONYyYSHBI JMHUU OCTATOYHBIX KOHICHTPALUHA B CMECH dTaHOI—Boga—I DP mpu pa3HbIx
xoHHeHTpauax ['OP u paznuanom coctaBe ['OP (mmrokoza—mmonHas kuciota). Iomydens: 7Pxy nanusie npu gqodasnennn 30 mac. %
I'DP x BomHOMY pacTBOpY dTaHOJA MPU aTMOC(HEpPHOM AaBieHUH. [IpoBeIeHHbIE HCCIeT0BaHuUs MTOKa3and, 4To ['DP Ha 0CHOBE IITFOKO3BI
1 JTUMOHHOH KHCJIOTBI OKa3bIBAET CYIIECTBEHHOE BIMSHNE Ha OTHOCHTEIBHYIO JIETy4eCTh 3TAHOIA B BOTHOM PacTBOPE, YTO MPUBOIUT
K MCYE3HOBEHHIO a3€OTPOIHON TOUKH. DTO BIMSHHE CBA3aHO TOJBKO C HAIMYUEM IIIIOKO3bI. JINMOHHAS KHCIOTA HE HU3MEHSET COCTaBa
PaBHOBECHBIX (ha3, HO MO3BOJSIET YBENNYUTh PACTBOPUMOCTH INTIOKO3bI B BOAHBIX PACTBOPAX 3TAaHOIA. DTO 0COOEHHO BayKHO MPH BBICO-
KHX KOHI[CHTPANMIX 3TAHONA, TaK KaK ITI0K03a IJI0XO PACTBOPHUMA B STAHOIE.

BuiBoabl. [lo6aBnenne I'OP Ha oCHOBE IIIIOKO3BI M JTUMOHHOW KHCJIOTHI K BOZHOMY PAacTBOPY 3TAaHOJA NMPHUBOIUT K MCUE3HOBEHHUIO
a3€0TPOIMHOM TOUKH. DTO MO3BONISAET pacCMaTpHUBaTh AaHHEIN ['DP B kauecTBe MepCHEKTUBHOIO SKCTPAKTUBHOTO areHTa sl H3BICUEHUS
9TaHOJIA U3 BOAHBIX PACTBOPOB C MOMOIIBIO SKCTPAKTUBHOH pekTudukaiyy. MoaenpoBaHue YCIOBHH MapOKUIKOCTHOTO PaBHOBECHS
B cucreme staHon—Boga—1 OP ¢ ucnonb3oBannem momenu UNIFAC mokasany yqoBIE€TBOPUTENBHYIO TOUHOCTh. OmMOKa pacueTHBIX
JIAHHBIX BO3PACTAET C yBEIMYEHHEM KOHLEHTPAIUHU [TTIOKO3bI, OJJHAKO OCTAETCS MPUEMIIEMOM /I TPAKTHYECKOTO HCIOb30BAHUS.
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Aopa6oTaHa: 17.10.2023
MpuHara B nedatb: 19.01.2024
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Ana uunTnpoBaHua

KimnoB A.B., Xaiipymmna A.P. Biansiane niry6oKko 3BTEKTHYECKOTO pacTBOPUTEIS ITIOKO3a—IMMOHHAsI KMCJIOTA Ha TTAPOXKHUKOCTHOE PaB-
HOBECHE BOJIHOTO PacTBOpa dTaHona. Toukue xumuueckue mexvonoeuu. 2024;19(1):17-27. https://doi.org/10.32362/2410-6593-2024-19-

1-17-27

INTRODUCTION

Ethanol is an important organic solvent. It is used in many
industries: as a reactant in the synthesis of ethers and
esters; a solvent in the paint and varnish industry; and as
a raw material in the production of household chemicals,
medicines, and food products. Ethanol is also one of
the most commonly used biofuel components [1-3].
In industrial technologies, ethanol is often present in

1
Science and Technology; 2000. 288 p.

mixtures with water which are azeotropic. In this regard,
the problem arises of separating these mixtures into
individual substances.

The separation of azeotropic mixtures is an
important requirement in many technological processes.
It can be addressed by various methods including:
overpressure or vacuum distillation; special distillation
methods (azeotropic and extractive distillation)! [4];

Hilmen E.K. Separation of Azeotropic Ixtures: Tools for Nalysis and Tudies on Batch Distillation Operation. PhD Thesis. Norwegian Univ. of
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as well as membrane and extraction processes. At
the present time, industrial technologies mainly use
various distillation methods. For example, in extractive
distillation, the mixture to be separated is supplemented
with an additional component, or entrainer, which
changes the relative volatility of the components of the
mixture by interacting with them. The selection of the
optimal entrainer from both economic and environmental
points of view is an important stage in the development
of this technology [5].

Today, four classes of entrainers for separating
ethanol-water mixtures exist: organic solvents, solid
salts, mixtures of organic solvents with solid salts,
and ionic liquids (ILs). Organic solvents used as
entrainers may remain in the ethanol obtained, thereby
contaminating it. ILs are more environmentally
friendly (green) solvents and a promising alternative
to conventional organic solvents [6]. The disadvantage
of ILs is the complexity of synthesis and separation
of the target component with the required purity, thus
determining the high cost of the product. Therefore,
the search for alternative solvents for the separation
of azeotropic mixtures is a challenge. At the present
time, research has begun on the use of deep eutectic
solvents (DESs) as entrainers. DESs are a new class
of environmentally friendly solvents which have many
properties similar to ILs [7, 8]. The main advantages of
DESs when compared to ILs are the ease of preparation
and, as a consequence, their low cost. They also possess
the ability to vary the physicochemical properties
depending on the nature of the components, their molar
ratio, and water content. DESs have virtually zero
vapor pressure and are viscous liquids. By increasing
the temperature or adding a small amount of water, the
viscosity of DESs can be significantly reduced [9—11].

DESs are obtained by mixing two or more
components, some of which act as hydrogen bond
donors, while others act as hydrogen bond acceptors.
The resultant eutectic mixture has a melting point lower
than the melting point of pure components [9, 10]. The
eutectic point of a mixture is reached at the molar ratio
of the mixture components at which the melting point is
the lowest?. A striking example of a eutectic mixture is
the combination of choline chloride and urea. They are
solids at room temperature, but when mixed in a certain
ratio, they form a liquid solution [12].

In this work, glucose-containing mixtures were
studied as DESs for the separation of an ethanol-water
mixture.

Glucose, or dextrose (D-glucose), C;H,,Oq, is an
organic compound. It is a monosaccharide, one of the

most common sources of energy in living organisms:
a C, sugar containing six carbon atoms, an aldehyde
group, and five hydroxyl groups [13]. The large number
of hydroxyl groups leads to the significant effect of
glucose on the relative volatility of the components of an
ethanol-water mixture. This gives grounds to consider
glucose as an efficient entrainer for the extractive
distillation of an ethanol-water mixture. At the same
time, glucose under normal conditions is in a solid state
and is slightly soluble in ethanol. These circumstances
limit the possibility of using glucose as an entrainer.
The purpose of this work is to show that the use of the
properties of glucose as an entrainer for an ethanol-
water azeotropic mixture is possible in its DES with
citric acid (CA).

SYNTHESIS OF DES FROM GLUCOSE
WITH CA

In order to prepare a DES, glucose monohydrate
(LenReaktiv, Russia) with a water content of 9.12 wt %
was mixed with CA monohydrate (LenReaktiv, Russia)
with a water content of 8.34 wt % in a round-bottomed
flask. This was placed in a thermostated medium of
silicone oil (Solins, Russia) and continuously rotated.
The mixing process was carried out for 2 h until a yellow
homogeneous liquid was formed [14]. The temperature
of the thermostated medium was maintained at
85-95°C, depending on the ratio of the components.
The studies showed that a DES in the liquid phase is
formed at various molar ratios of components. In our
experiments, the components (glucose and CA) were
mixed in the following molar ratio: 0.25 : 0.75; 1 : 1;
0.75 : 0.25; and 0.90 : 0.10. At all ratios, the mixture
was in the liquid state. Since the monohydrates were
mixed, the water content in the resulting DES was
about 9 wt %. An attempt to remove water from the
mixture by evaporating it under vacuum resulted in
caramelization.

The synthesized DES was stored in glass bottles in
a desiccator.

EXPERIMENTAL

In order to assess the effect of the DES mixture on the
relative volatility of ethanol in solutions, data on the
vapor—liquid phase equilibrium (VLE) in the ethanol-
water—DES ternary system is required. The VLE was
studied by means of the open evaporation method and
the measurement of TPx)? data using a Swigtostawski
ebulliometer [15]. In comparison with other methods

2 Harris R.C. Physical Properties of Alcohol Based Deep Eutectic Solvents. PhD Thesis. University of Leicester; 2009. 188 p.

3

component in the vapor phase.

T is temperature, P is pressure, x is the concentration of the volatile component in the liquid phase, and y is the concentration of the volatile
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of measuring equilibrium, the open evaporation method
is less labor-intensive and enables the rapid qualitative
and quantitative assessment of the effect of adding
solvents on the conditions of phase equilibrium in an
azeotropic mixture in a certain concentration range [16].
The experimental setup and experimental procedure
have previously been described in detail [17-19]. Based
on the results of the experiment, the dependence of
the composition x of the boiling mixture on its weight
L (curve of residual concentration [19]) was calculated
according to the following material balance equation:

i1
[Lo - 2 Dy \]xi—l +D,y;

k=1 3
i i
Ly=>.D;
. = (1)
i—1
(1 - 2 ek]xi—l tey;
k=1

= i 5 i=1...n,
k=1

where L, and x,, (at / = 1, x, = x,_,) are the initial weight
of'the mixture and its initial composition (mass fractions);
D, and D, are the weights of the ith and kth samples of
the distillate, respectively; y, is the composition of the
distillate (mass fractions); » is the number of samples of

the distillate; and ¢; = —L and e = De are the relative
Ly Ly

weights of the ith and kth samples of the distillate,

respectively.

Since the volatility of the DES can be neglected,
the distillate contains only volatile components. In our
case, these are ethanol and water. Therefore, for the
convenience of analyzing the results, x and L were taken
to be the mass fraction of ethanol in the mixture and the
mass of the boiling mixture without taking into the DES
into account.

TPxy data in the mixture with DES were measured
using a Swictostawski ebulliometer (Khimlaborpribor,
Russia) [15] (Fig. 1). The temperature was measured with
an LT-300-N electronic thermometer (7ermeks, Russia)
with an error of +£0.05°C. The thermometer was installed
into pocket 3 filled with electrocorundum. The initial
mixture was poured into boiler / through condenser 5.
The test mixture was heated with a flexible electric
heater wrapped around the outer surface of boiler /.
The mixture was brought to the boil and maintained for
2.5 h, in order to reach equilibrium of the system. At the
same time, samples of the vapor phase were taken, in
order to refine the composition of distillate 6, Samples
of the liquid phase were taken, in order to refine the
composition of the boiling mixture from the bottom of
overtlow tube 7.

Fig. 1. Swictostawski ebulliometer:
(1) boiler,

(2) Cottrell pump,

(3) thermometer pocket,

(4) separation space,

(5) condenser,

(6) drop counter, and

(7) overflow tube [15]

The reliability of the results obtained using this
experimental setup was checked by comparing the
TPxy data on the ethanol-water binary system at an
atmospheric pressure of 760 mmHg with experimental
results from literature sources in the work [17].

The water content in the initial reagents and in the
selected samples of the distillate and the liquid phase
from the boiler was determined using a V20 Compact
Karl Fischer volumetric titrator (MettlerToledo, USA)
by means of the Karl Fischer method (with a relative
measurement error of £3%).

MODELING OF THE CONDITIONS OF
VAPOR-LIQUID PHASE EQUILIBRIUM

Mathematically, the process of open evaporation of
a binary mixture is described by means of the following
differential equation:

(5—1)%=7‘(f)—f, @
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where x4 and 3" is the liquid composition and its
equilibrium vapor composition (mole fractions),
respectively; e is the mole fraction of the distillate. The
VLE condition at moderate pressures has the following
form:

S =,
7 = P> (T)xy(x,T) ’ 3)
P

where PS and Y are the saturated vapor pressure of the
pure component and its activity coefficient in the mixture
respectively, while P is the pressure in the system.

By solving Eq. (2) simultaneously with the
equilibrium model ¥* = f(¥,T,P), curves of residual
concentrations can be calculated. These are
experimentally determined using Eq. (1).

The equilibrium distribution of components between
the vapor and liquid phases is often characterized by
relative volatility:

02D
(11—
g )
Given the assumption that o = const, which is
acceptable, then if during the open evaporation process,
the concentrations in the liquid phase vary within
a narrow range, the equilibrium condition (3) takes the
following form:

o

e ©

The substitution of condition (5) into Eq. (2) gives
the following solution:

1

— /1= \% |g—1
E=v~iF %j , (©)

T\ 1-%

where X, is the composition of the initial mixture.

By comparing solution (6) with experimental data on
the curves of residual concentrations (1), the relative
volatilities of ethanol and water after adding a certain
amount of the DES can be determined. Thus, based on
the results of the open evaporation method, the effect of
the DES on the relative volatility of the components of
the mixture being separated can be quantified. For the
needs of such a comparison, in solution (6), the molar
concentrations need to converted into mass

4

5

of nonelectrolyte activity in nonideal mixtures.

M ()
M(5)

concentrations, taking into account that e =e

where M is the molecular mass of the mixture.

The TPxy phase equilibrium conditions in the
ethanol-water—DES ternary system were modeled using
the UNIFAC model® [20]. In this case, the activity
coefficients are calculated from the parameters of group
components of the molecules of the mixture.

The UNIFAC model divides molecules of substances
into group components. The logarithm Iny; of the
activity coefficient of the ith component is the sum of the

combinatorial component Iny¢ and the residual
component InyR:

Iny, =Iny¢ + Inyk, (7)

which characterize the differences in the sizes of
molecules and in the energies on intermolecular
interactions, respectively.

In order to determine the combinatorial contribution
to the activity coefficient, data needs to entered regarding
the parameters of the group volume R and group surface
area Q. This data is related to the van der Waals group
volume V, and the surface area 4, of the kth functional
group [20, 21]:

Vk
- , 8
k1507 ®)
Ak
O 2500 <

The residual (energy) component of the activity
coefficient in group models is represented by the sum
of group contributions, characterized by the group
interaction parameter a,,,  :

-a
W, =exp( Tm”) (10)

The energy group parameter a,,, shows the difference
in the energies of interactions of groups n—m and m—n.
Each of the group—group interactions is described by two
parameters, a, and a,,.

The UNIFAC model distinguishes between main
groups and subgroups. The subgroups of a main group
are energetically identical: i.e., they have the same
energy parameters of interaction with other groups

In this article, a lowercase variable with an overline is mole fraction, a lowercase variable without an overline is mass fraction.

UNIFAC stands for UNIQUAC (universal quasichemical) Functional-group Activity Coefficients, a semi-empirical system for the prediction
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and differ only in geometric characteristics. For example,
one main group CH, includes subgroups CH;, CH,, CH,
and C of aliphatic hydrocarbons, and so on.

Forwater molecules and various alcohols, such
a partition has already been proposed in the UNIFAC
model [20]. The partitions of glucose and CA
molecules (Table 1) were taken from the most complete
database of group interaction parameters for the
UNIFAC model in the form of UNIFAC Matrix 2020,
as presented in the Dortmund Data Bank®. Thus, glucose
consists of the following subgroups: CH,, 2; C, 1, OH, 1;
and COOH, 3. CA consists of the following subgroups:
CH,, 1; CH, 4; OH, 5; and CHO, 1. Table 1 presents the
group interaction parameters.

The conformity of the UNIFAC model with the
parameters shown in Table 1 was verified by comparing
calculated and available experimental data. In the case of
an ethanol-water mixture, a satisfactory level of accuracy
has previously been shown [17]. With regard to aqueous
solutions of glucose and CA, Fig. 2 presents the calculated
and experimental [22-24] concentration dependences of
boiling points. The average error for the glucose—water
mixture was 0.35%, and for the CA—water mixture was
5.2%. This indicates a satisfactory level of accuracy. In
addition, Figs. 3 and 4 show the experimental curves of
residual concentrations calculated using Eq. (2) for the
ethanol-water—-DES mixture, the agreement of which is
also satisfactory.

Table 1. Group interaction parameters a,, , K
Substance Formula
H\(&O
=
D-Glucose HOC—H
H——OH
H——OH
i
O OH
A o
Il
0o
Water
. " CH, COOH CHO OH H,0
CH, - 3153 505.7 156.4 300
COOH 663.5 - 497.5 199 —14.09
CHO 677 —165.5 - —203.6 -116
OH 986.5 —-151 529 - —229.1
H,0 1318 —66.17 480.8 3535 -

Note: n and m are group interaction parameters.

6 https://www.ddbst.com/ddb-search.html. Accessed July 03, 2023.
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Fig. 2. Boiling points of aqueous solutions of glucose

and CA. Glucose—water system (P = 93.6 kPa). The solid
line represents the results of calculation using the UNIFAC
model. The diamonds represent the experimental data [22].
CA-water system (P = 101.3 kPa). The dotted line represents
the results of calculation using the UNIFAC model. The
experimental data is represented by the bullets, squares [23],
and triangles [24]

Solubility of DES components in aqueous
ethanol solutions

Data on the solubility of glucose in water, ethanol, and
their solutions, depending on temperature is available
in the literature [25, 26]. The solubility of glucose in
water increases linearly with increasing temperature,
regardless of ethanol concentration. However,
this solubility decreases with increasing ethanol
concentration. Thus, the solubility of glucose in water
equals 74.1 g glucose/100 g mixture at 60°C, while the
solubility of glucose in an 80 wt % aqueous ethanol
solution equals 36.2 and 4.2 g glucose/100 g mixture
at 60 and 20°C, respectively [25].

Such low solubility of glucose in ethanol does not
allow it to be used in its pure form, in order to break up
the azeotrope of an ethanol-water mixture.

This work offers an assessment of the changes in the
solubility of glucose in an aqueous solution of ethanol
in the form of DES in various ratios with CA at 20°C.
Solutions at two concentrations of ethanol in water,
80 and 70 wt %, were studied. The solutions were
prepared at a given ethanol concentration and various
glucoses content by dissolving DES in molar ratios of
glucose to CA of 50 : 50, 75 : 25, and 90 : 10. The
glucose concentration varied in increments from the
solubility concentration of pure glucose to its fivefold
value. For example, for the 80 wt % aqueous solution
of ethanol, solutions with glucose concentrations of
4, 8, 12, 16, and 20 wt % were prepared. Next, the
prepared solutions were heated to 60°C in sealed
containers using a magnetic stirrer. The temperature

was controlled by a temperature sensor. After complete
dissolution, the solutions were cooled to a temperature
of 20°C and left for several days. Solubility was
determined by the presence or absence of a white
crystalline phase in solutions. The studies showed
that the use of glucose in the form of DES together
with CA enables its solubility to be almost tripled. The
effect of the amount of CA was detected only for the
90 : 10 DES (10 mol % CA). In this case, the solubility
doubles.

RESULTS AND DISCUSSION

Since the DES consists of two components, one of
which (CA) is highly soluble in an ethanol-water
mixture, the effect of CA on the VLE of this mixture was
studied. The experimental results obtained using the open
evaporation method (Fig. 3) and the ebulliometrically
measured compositions of the equilibrium phases
showed an insignificant effect of CA on the relative
volatility of the components of the ethanol-water
mixture. Figure 3 demonstrates the curves of residual
concentrations after adding 60 wt % CA monohydrate to
an aqueous ethanol solution. In its absence they coincide.

The curves of residual concentrations calculated
using Eq. (2) and the UNIFAC model also predict an
insignificant, although slightly greater in comparison
with the experimental data, effect of CA on the volatility
of water and ethanol.

0.70
x 0.65
0.60

0.55

0 0.2 0.4 0.6 0.8 1.0
P/L

0

Fig. 3. Curves of residual concentrations of an ethanol-water
mixture after adding 60 wt % CA. P is the mass

of the ith portion of the distillate P;; L, is the initial mass

of the mixture. The points represent experimental data;

the solid line, the results of calculation using the UNIFAC
model; and the dotted line, the results of calculation without CA

Next, the effect of DES on the relative volatility
of ethanol in aqueous solution was studied. Figure 4
illustrates the effect of DES added in an amount of
60 wt % at various glucose and CA contents.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(1):17-27 23



Effect of glucose—citric acid deep eutectic solvent on the vapor-liquid equilibrium

of an aqueous ethanol solution

Alexander V. Klinov,
Alina R. Khairullina

The behavior of the curves of residual concentrations
shows that the addition of the DES (Fig. 4) increases
the relative volatility of ethanol. This leads to its more
rapid depletion in the boiler due to the disappearance
of the azeotropic point. Increase in the concentration
of glucose in the mixture leads to an increase in the
relative volatility of ethanol. Table 2 presents the relative
volatilities calculated by comparing formulas (6) and (1).
In comparison with the ethanol-water binary mixture,
the addition of DES almost doubles the volatility.

Table 2. Relative volatility of ethanol in an aqueous solution
with the addition of DES

Glucose : CA ratio o
0:1 2.0
25:75 2.6
50:50 2.9
75:25 3.0
90:10 3.7

Note: o is the relative volatility determined using Eq. (4).

0.75
0.70
x 0.65

0.60

PIL,
(@)

0.70
x 0.65

0.60

Figure 4 also shows the curves of residual
concentrations calculated using Eq. (6) and the UNIFAC
model. Discrepancy with the experimental data increases
with increased glucose concentration. Since the UNIFAC
model satisfactorily describes the VLE in aqueous
solutions of glucose (Fig. 4), the discrepancy is most
likely due to an error in the description of the energy of
interaction of ethanol with glucose.

In this work, TPxy data on the ethanol-water system
was obtained. The addition of 30 wt % DES in a molar
ratio of glucose and CA of 50 : 50 (Figs. 5, 6, and
Table 3) leads to the disappearance of the azeotropic
point. In this case, the equilibrium compositions of the
phases are noticeably affected in the range of ethanol
concentrations above 50%. The TPxy dependencies
calculated wusing the UNIFAC model showed
a satisfactory level of accuracy. Figure 6 also presents
the compositions of equilibrium phases after adding
30 wt % CA, coinciding with the data in its absence.
This confirms the previously made conclusion about
the weak influence of CA on the relative volatility of
the components in the ethanol-water mixture.

0.80
0.75
0.70
x 0.65
0.60

0.55

0.50 !

PIL,
(b)
0.80

0.75
0.70
x 0.65
0.60

0.55

0.50

0 02 04 06 08 10
PIL,

(d)

Fig. 4. Curves of residual concentrations of an ethanol-water mixture after adding 60 wt % DES at various ratios of glucose and
CA, mol %: (a) 25 : 75, (b) 50 : 50, (c) 75 : 25, and (d) 90 : 10. The points represent experimental data; the solid line, the results
of calculation using the UNIFAC model; and the dotted line, the results of calculation without the DES
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104

100

96 1

92 1

76

0

X Yethanol

0.1 02 03 04 05 06 07 08 09 1.0

Fig. 5. Phase diagram of the ethanol-water—DES ternary
mixture at an atmospheric pressure of 760 mm Hg. The
solid line represents the data on the ethanol-water binary
mixture; the points, experimental data; and the dotted
line, the results of calculation using the UNIFAC model

(30 wt % DES)

Table 3. Experimental data

1.0 1
0.9
0.8
0.7
0.6 1
0.5

0.4

Yethanol» Mas. fract.

0.3
0.2
0.1

0

0 01 02 03 04 05 06 07 08 09 1.0

mas. fract.

Fig. 6. Liquid—vapor equilibrium in the ethanol-water—DES
system at an atmospheric pressure of 760 mm Hg. The blue
line represents the data on the binary mixture; the bullets,

on the mixture containing 30 wt % DES; and the crosses,

on the mixture containing 30 wt % CA. The green line
represents the results of calculation using the UNIFAC model

T, °C Mass fraction x g, . Mass fraction y g,..1 o o (without DES)
80.49 0.8945 0.9315 1.60 1.21

80.55 0.7773 0.8746 1.99 1.66
80.98 0.7145 0.8510 2.28 1.91

81.55 0.6043 0.8189 2.96 2.49
82.86 0.4493 0.7645 3.97 3.81

84.19 0.3401 0.7436 5.62 5.11

85.26 0.2604 0.7046 6.77 6.47

89.17 0.1767 0.6493 8.62 8.54

94.13 0.0913 0.4905 9.57 10.99

Note: x

ethanol @14 Vethanos @r€ the ethanol concentrations in the liquid and vapor phases, respectively.
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CONCLUSIONS

The studies showed that DES based on glucose and
CA has a significant effect on the relative volatility of
ethanol in an aqueous solution. This effect is due to
only the presence of glucose. CA does not change the
composition of equilibrium phases but increases the
solubility of glucose in aqueous ethanol solutions. This
is especially important at high ethanol concentrations,
since glucose is poorly soluble in ethanol. In order
to assess the effect of the amount of CA on glucose
solubility, the composition of the DES varied from 25 to
90 mol % glucose. However, no such dependence was
detected in this concentration range. In most probability,
this is not strong.

The TPxy data obtained after adding 30 wt % DES to
an aqueous solution of ethanol showed the disappearance
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Abstract

Objectives. Development of a domestic technology for producing environmentally friendly non-phthalate plasticizers, lubricants and
transformer fluids based on neopentyl glycol (NPG), an oxo-synthesis product.

Methods. The methodology of the work was to study the kinetic laws of NPG esterification with acetic and 2-ethylhexanoic acids
under self-catalysis conditions with an 8-fold molar excess of monocarboxylic acids. The production of NPG esters was carried out
by azeotropic esterification in the presence of solvents—benzene and m-xylene. The resulting diesters were isolated from the reaction
mass by vacuum rectification. The purity of the obtained NPG diesters was no less than 99.7 wt %. Analysis of the qualitative and
quantitative composition of reaction samples was carried out using infrared spectroscopy, gas chromatography—mass spectrometry and
gas—liquid chromatography.

Results. The paper presents the results of kinetic studies on NPG esterification of with acetic and 2-ethylhexanoic acids. It compares the
reaction rates and reactivity of the acids used. Under the given conditions, NPG diesters were produced, and some of their physicochemical
properties were determined. This enabled the data obtained to be used for the development of industrial technology in the production
of NPG diesters.

Conclusions. It was established that with an eightfold molar excess of acid under self-catalysis conditions, a yield of NPG diacetate
equal to 95% is achieved within 20-22 h at an optimal process temperature of 100—-110°C; NPG di(2-ethylhexanoate)—within 26-28 h
at 160-170°C. The activation energies and pre-exponential factors for the formation of NPG mono- and diesters with acetic and
2-ethylhexanoic acids were established. The paper presents the kinetic models of esterification.
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HAYYHAA CTATbA

KuHeTnyeckue 3akoHOMepHOCTU aTepudpunxkaumum
HEOMNMEeHTUNIJINKOJIS YKCYCHOMU U 2-3TUJIFeKCaHOBOM

KucJioramm

J1.C. Unuena, E.JI. Kpacubix™, B.A. Illakyn

Camapckuii eocyoapcmeennviii mexnuueckuil ynusepcumem, Camapa, 443100 Poccus

™ demop ons nepenucku, e-mail: kinterm@samgtu.ru

AHHOTaUus

Iean. Pazpaborka OTEe4eCTBEHHONW TEXHOJIOTHHU ITOTYYCHUS SKOJIOTMYSCKH YHCTHIX He(TaIAaTHBIX INIACTH(HUKATOPOB, CMA3bIBAIOIINX
1 TpaHC(OPMATOPHBIX JKUIKOCTEI Ha OCHOBE IPOJyKTa OKCOCHHTe3a — HeoneHTmirukoist (HIID).

Metoasl. MeTtononorus paboTHI 3aKII0YANach B MCCIEIOBAHIN KHHETHUECKUX 3aKOHOMEpHOCTel peakmuu stepudukammuu HIIT yx-
CYCHOM W 2-3THJITEKCAaHOBOH KHCIOTAMHU B yCIOBHSAX CAMOKaTallN3a MPH BOCBMHUKPATHOM MOJEHOM H30BITKE MOHOKAPOOHOBEIX KHCIIOT.
Hapa6otky cnoxabix a¢upos HIII™ Benn MeTomoM a3e0TpomnHOM STepruUKaINU B IPUCYTCTBUU PACTBOPUTENIEH — OeH3011a 1 M-KCHIIO-
na. [TomydeHHbIe AUAPUPHI BELICISIIA U3 PEaKIIMOHHOW MacChl BAKYYMHOM pekTudukanueid. Ynctora nomydeHHsx qmddupos HIIT co-
craBisiIa He MeHee 99.7 mac. %. KadecTBeHHBIH 1 KOIMYIECTBEHHBIH COCTAB PEaKIIHOHHBIX P00 IMTPOBOIIIN METOJaMHU NH(PaKpacHOH
CIEKTPOCKOIHNH, Ta30BOH XPOMATO-MaCC-CIIEKTPOMETPUEN M Ta305KUIKOCTHOI XpoMarorpaduei.

PesyabTarsl. B pabore mpeacTaBieHbl pe3ybTaThl KHHETHYECKHX UCchenoBaHui peakuuii atepudukanuu HIIT ykcycHoit u 2-oTmi-
reKCaHOBOHU KHciIoTaMu. [IpoBeieHO cpaBHEHHE CKOPOCTEH peaKkui U PEaKIHOHHON CIIOCOOHOCTH HCIIONIb3YEMBIX KUCIIOT. B 3a1aHHBIX
ycnoBusax Hapabotansl audduper HIII' u onpeneneHs! nx HEKOTOpBIE (H3MKO-XMMHYECKHE CBOMCTBA, MO3BOJIAIONINE PEKOMEHIOBAThH
TIOTyYEeHHbIE JaHHBIC [T Pa3pabOTKU MIPOMBIIIIEHHON TeXHOIOTUH MOITyYeHHs CIOKHBIX Armadupos HIIT.

BbiBoabI. YCTaHOBIEHO, YTO IPH BOCBMUKPATHOM MOJIBHOM M30BITKE KHCIIOTHI B YCJIIOBHAX caMOKaTaian3a Beixon auanerara HIII, pas-
HbIl 95%, nocturaercs B Teuenne 20-22 4 mpu onTuManbHON Temmeparype mnporecca 100-110°C; mu(2-stunrexkcanoara) HIIIT —
B TeueHne 26—28 4 npu 160—170°C. OnpenesneHsl 3HEPTUHM AKTUBALUH U TPEIIKCIIOHEHIIMATbHBIE MHOKUTEIH peakuii 00pa3oBaHus
MoHO- 1 qmdupo HIIT ¢ ykcycHOM 1 2-3THAreKCaHOBOW KucnotaMu. [IpecTaBaeHbl KHHETHUECKHE MOJICIH dTepruHKaIH.

KnioueBble cnosa Moctynuna: 17.05.2023
AopaboTaHa: 12.07.2023

MpuHata B neyatb: 22.12.2023

HEONEHTUITINKOIb, HEOTIOIHOIBI, STePU(PHKALIHSL, CAMOKATAIN3, CIOKHBIE 3(HUPHI,
YKCyCHAasl KHCJIOTa, 2-3THITeKCaHOBask KUCIIOTA, TUIaCTU(UKATOP

Ana unTUpoBaHua
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HOBOII kucioramu. Torkue xumuueckue mexuonoeuu. 2024;19(1):28-38. https://doi.org/10.32362/2410-6593-2024-19-1-28-38

INTRODUCTION

In the current environmental situation, the production
of phthalate plasticizers is strictly regulated by
environmentalists. This requires modern manufacturers
of plasticizers to actively develop and create alternative
raw materials and options for their production. Thus,
the synthesis gas required for the synthesis of olefins
by oxo-synthesis can be obtained by steam reforming or
partial oxidation of methane. As a result, natural gas is
an accessible raw material for the production of alcohols
and carboxylic acids which are the starting components
in esterification reactions. Carboxylic acids are obtained
by low-temperature oxidation of the products of lower
olefins hydroformylation (aldehydes) in oxygen or air,
while alcohols are obtained by catalytic hydrogenation.

Oxosynthesis processes are primarily aimed at
producing oxygen-containing products of linear structure.
However, 30-35% of the products are aldehydes of
iso structure [1]. Regioisomeric isobutyraldehyde is
among them. Its aldol condensation with formaldehyde
followed by catalytic hydrogenation produces one of the
most important neo alcohols: neopentyl glycol (NPG,
2,2-dimethyl-1,3-propanediol).

Due to the structural features of NPG (i.e., the
presence of a quaternary carbon atom in the molecule),
NPG esters can be characterized by their good ability to
biodegrade under aerobic and anaerobic conditions [2].
They are thermostable and have low melting points [3].
They have a reduced potential for oxidation and
hydrolysis when compared to natural esters [4]. For this
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reason, they are considered as potential environmentally
friendly insulating liquids [5].

A significant part of industrially produced NPG is
used to produce esters of various structures, used in the
cosmetic and polymer industries, as well as plasticizers
and synthetic oils [6]. Plasticizers based on NPG belong
to hazard class IV [7] and are environmentally safer
compared to phthalate plasticizers, which belong to hazard
class I [7].

The global NPG market was worth USD 1346 min
in 2020, and its average annual growth rate over the
forecast period of 2021-2027 will be 4.1%'. NPG
production is not currently carried out in Russia,
although Russia possesses all the prerequisites for
mastering modern oxo-synthesis processes and their
improvement. This will allow domestic production of
environmentally friendly plasticizing materials to be
established and the amount of natural gas burned to be
reduced.

The main industrial method for producing esters is
esterification reaction using acidic homogeneous and
heterogeneous catalysts: sulfuric and orthophosphoric
acids; and sulfonic cation exchangers. The use of
mineral acids as catalysts leads to tarring and a decrease
in the color stability of the reaction mass, thus increasing
the cost of isolating and purifying the target product.
There is a tendency to use heterogeneous catalysts (ion
exchange resins) in esterification reactions due to the
ease of separation of the reaction mass from the catalyst
and the absence of wastewater [8].

The carboxylic acids used for esterification are
weak acylating reagents capable of autoprotolysis [9].
This enables the process to be carried out without the
use of a catalyst: under conditions of self-catalysis.
The pK values of carboxylic acids do not differ greatly
from the pK of the catalyst [the pK values of acetic
acid (AA) and the H;PO, catalyst (in the first group) are
4.76 and 2.12, respectively]. Despite the longer reaction
time under self-catalysis conditions, the problem of
side reactions occurring in the system is resolved. This
makes it possible to obtain esters which require minimal
additional purification, if necessary.

The literature devoted to studies on NPG
esterification contains practically no information
about conducting kinetic studies of the esterification
reaction under self-catalysis conditions. Therefore, we
conducted studies of the kinetics of NPG esterification
with acetic and 2-ethylhexanoic (2EH) acids under
conditions of self-catalysis, in order to create
a theoretical basis for the development of domestic
technology for the production of environmentally
friendly non-phthalate plasticizers.

1

EXPERIMENTAL
Materials

Two monocarboxylic acids—AA and 2EH—with
a purity of at least 97 wt % and NPG with a purity of
at least 99.8 wt % were used as reagents in the study of
NPG etherification.

Synthesis of NPG esters

NPG is a diatomic alcohol. The esterification reaction
with its participation is equilibrium, and proceeds
sequentially through the formation of a monoester,
ending with the formation of a diester (Fig. 1). In
addition, a disproportionation reaction of monoesters
is also possible. However, this reaction occurs to a very
small extent, and its contribution to the process kinetics
is insignificant [10].

The production of NPG diesters was carried out by
means of azeotropic esterification at an acid/alcohol
molar ratio of 8 : 1, under conditions of self-catalysis
using a Dean—Stark trap to separate reaction water.
Benzene (Reaktiv, Russia) was used as an azeotrope-
forming agent in the synthesis of NPG diacetate, and
m-xylene (EKOS-1, Russia) in the synthesis of NPG
di(2-ethylhexanoate). The choice of acylating reagents is
determined by the difference in the lengths of their alkyl
chains. This allows for evaluation of the influence of the
length of the acid carbon chain on the reaction rate, on
the time of ester synthesis, on some physicochemical
properties, and, as a consequence, on the scope of
application of the resulting NPG diesters. The completion
of the reaction was determined by the cessation of
water formation. Next, the excess carboxylic acid was
distilled off under vacuum. The resulting diesters were
washed with a 5% NaHCOj; solution to remove traces
of the acid. In the case of NPG diacetate, purification
from by-products was carried out by means of vacuum
rectification. In the case of NPG di(2-ethylhexanoate),
purification was carried out by treatment with bleached
clay, in order to remove resins. Then the product was
washed with an aqueous solution of sodium hypochlorite
for clarification [11]. The purity of the obtained esters
was no less than 99 wt % (determined by gas—liquid
chromatography, GLC).

Identification and analysis

Identification of the components of the reaction mixtures
was carried out by means of gas chromatography—
mass spectrometry using an Agilent 6850 gas
chromatograph (Agilent Technologies, USA)
equipped with an Agilent 19091S-433E capillary
column (30 m x 250 pm x 0.25 pm) on an HP-5MS

Global neopentyl glycol market 2021 — industry statistics. Gen Consulting. 2020.
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Fig. 1. Scheme of NPG esterification with monocarboxylic acids

chromatographic column (stationary phase: 5% diphenyl-
polysiloxane + 95% dimethylpolysiloxane) and an
Agilent 5975C VL MSD mass selective detector at an
ionizing voltage of 70 eV.

Furthermore, the structure of the NPG diesters
obtained was confirmed by infrared (IR) spectrometry
using an FSM 2201 IR Fourier spectrometer (/nfraspek,
Russia) equipped with a multiple attenuated total internal
reflection horizontal type MNPVO36 attachment with
a zinc selenide-based prism.

The reaction samples were analyzed by GLC using
a Kristall-2000M chromatograph (Chromatec, Russia)
equipped with a flame ionization detector and a capillary
columnmeasuring 100 m x 0.2 mm x 0.5 um with a grafted
stationary liquid phase DB-1 (dimethylpolysiloxane).
The masses of the components were determined by GLC
using an internal standard. Analysis modes are presented
in Table 1.

Kinetic studies

Kinetic studies were carried out under conditions of self-
catalysis in the absence of an azeotrope-forming agent at
an acid/alcohol molar ratio of 8 : 1 under nonequilibrium
conditions (with distillation of reaction water) with
intense stirring. The choice of the acid/alcohol molar ratio
was determined by achieving the optimal equilibrium
conversion of NPG based on the thermodynamic
analysis of the system. The reactions were carried out
under thermostatting in an open ideal mixing reactor
system: a three-neck round-bottom flask equipped with
a stirrer and a Liebig refrigerator. NPG is a crystalline
substance, so the start time of the kinetic experiment was

+ H,0

T
R/ko HO

O 0
/lk M e
R o] @) R
0]
PR
0 R HO HO

Table 1. Modes of reaction mass analysis using GLC

Parameter NPG +AA NPG + 2EH
Column temperature, °C 100-170%* 250
Evaporator temperature, °C 350 330
Detector temperature, °C 300 300
Carrier gas Helium
Flow rate, mL/min 0.7
Split ratio 1/100

* The temperature was maintained at 100°C for 10 min, then
the column temperature was raised to 170°C at a heating rate of
20°C/min.

counted from the moment of its dissolution in the acid at
the reaction temperature.

Under the conditions of kinetic studies, reverse
hydrolysis reactions did not occur, since water was
removed from the system [4]. This allowed the account
the water concentration not to be taken into account in
the kinetic equations, also allowing the rate constant
values to be calculated only for direct reactions.

As a result, the system of kinetic equations looks as
follows:

BCME

ME _ [NPG][A]- &y [DE][A] n
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aC,

— 2=k [ME][A]. 2)
T
where A is monocarboxylic acid; ME is NPG monoester;
DE is NPG diester; Cy,; and Cy; are concentrations of
monoester and diester, respectively; T is time.

Based on the available literature data, the reaction
order for each component was taken to be equal
to 1 [10-13]. The rate constants k, and k, were determined
by jointly solving kinetic Egs. (1) and (2) for each
temperature under the assumption that £ zﬂ at

ot At

At = 10 min. Optimization of values was carried out
using the Euler method.

RESULTS AND DISCUSSION

Table 2 presents the characteristics of the mass
spectra of the samples of the NPG diacetate and
di(2-ethylhexanoate) obtained. The data shows that the
mass spectrum of NPG diacetate can be characterized
by 100% relative intensity of the C,H,O" ion, and
in the case of di-2-ethylhexanoate, of the rert-C,Hy"
ion. The maximum intensity of the latter is due to
energetically favorable pathways of decomposition
of the n-butyl fragment of the ester molecule acidic
part followed by its isomerization into the fert-butyl
cation [14]. One notable feature of the NPG esters
fragmentation is the elimination of the CH,® radical
from the quaternary carbon atom of the ester molecule
alcohol part.

Besides, IR spectra of the synthesized esters were
obtained. They are presented in Figs. 2 and 3.

Allthespectracontaincharacteristic intense absorption
bands in the region of 2860-2975 cm™! indicating the
presence of stretching vibrations of C—H bonds related
to the alkyl moiety of the acidic part of the molecule.
Absorption bands in the region of 1750-1735 cm™! are
characteristic of the C=0 bond of the ester group. The
band in the range of 1000-1260 cm™! represents bending
vibrations of the C—O bond. A small band in the region
of 3550-3450 cm™! characterizes the presence of an
OH group, confirming the presence of NPG monoesters
(up to 0.1 wt %) in the resulting diesters.

Determination of kinetic characteristics

The study of the kinetics of NPG diacetate formation was
carried out in the temperature range of 70-110°C with
steps of 10°C and a time interval of 0—300 min. The initial
concentrations of the reagents in all the experiments were:
NPG — 1.8 mol/L; and AA — 14.2 mol/L. Experiments
involving 2EH acid were carried out at temperatures of
140-170°C with steps of 10°C and a time interval of
0-160 min. The initial concentrations of the reagents
in all the experiments were: NPG — 0.8 mol/L; and
2EH — 6.1 mol/L. In order to control the experiment,
material balance was calculated at each time point
to assess the relative deviation of the analytically
determined masses of the components from the mass of
the loaded components. The average deviation did not
exceed 10%.

Typical chromatograms of reaction masses are
presented in Figs. 4 and 5.

Figure 6 shows the results obtained for one of the
study temperatures. They indicate the concentration
dependencies of the reaction mixture components on
time, illustrating the sequence of NPG transformation
into monoesters and of monoesters into diesters.

The dynamics of the reactions over time show that
the rate of the reaction with the participation of AA is
higher than in the case of 2EH. This may be due to the
strength of the acids used (the dissociation constant
of AA is greater than that of 2EH) and due to spatial
factors.

The values of the rate constants k; and k, obtained
during the experiments are presented in Table 3.

The pre-exponential factors and activation energies
were determined graphically on the basis of the obtained
approximation equations for the dependence of the
natural logarithm of the rate constants on the inverse
temperature. The resulting Arrhenius equations for
a system with CM have the form:

(-57.6 £2.2)

k, =574-10%-¢ RT | 3)
(-49.9 +12.1)

ky=194-103-¢  RT | 4)

Table 2. Characterization of the main series of ions in mass spectra of synthesized NPG diesters

NPG ester

Main mass spectrum ion series 70 eV, m/z, (structure, % rel.)

Diacetate

188 (M**, 0); 145 ([M**—C,H,0°T", 1); 115 (IM**~C;H,0,°]", 20); 86 ([M**~C,H,0,*; ~C,H,0°]", 15);
56 (IM**—2C,H,0,°; —CH,*]", 25); 43 (C,H,0", 100)

Di(2-ethylhexanoate)

57 (tert-C H,", 100)

356 (M**, 0); 341 ([M**~CH,*]", 1); 328 ([M"*—C,H,]**, 3); 300 ([M**~C,H,]"*, 8); 213 ((M"*~C,H, ,0,°]", 45);
156 (IM**~ CgH,,0,%-C,H,®, 35]**); 127 (IM**~C,H,®; ~C¢H,;0,% ~2CH,°]", 85); 99 (sec-C,H, 0, 43);
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Fig. 3. IR spectrum of NPG di(2-ethylhexanoate)

where R is the gas constant, 7'is the absolute temperature.
In case of esterification with 2EH acid:

(-57.5+6.2)

ky=594:10°-e RT | (5)
(-50.9 £5.2)

ky=4.16-10>-e  RT (6)

It can be seen from Egs. (3)—(6) that the activation
energies for each stage are almost the same. However,
at the same time there is a strong difference in the values
of the pre-exponential factors. This can be explained
by a change in the reactivity of carboxylic acids with
increasing length and branching of the main carbon

chain. This creates spatial obstacles to interaction due
to the shielding of the active centers by the alcohol
molecules. Thus, the ethyl radical at the a-carbon atom
of 2EH acid reduces the acid strength and complicates
the nucleophilic attack of the nearby carbon atom of the
carboxyl group [15]. This significantly affects the rate of
esterification in the case of isomeric acids with similar
dissociation constants [13].

The viability of the proposed kinetic model
(Egs. (3)—(6))is confirmed by comparison of experimental
and calculated data, as presented in Fig. 7. The average
deviation of the calculated values from the experimental
values does not exceed 6%.

The time to reach 95% yield of NPG
di(2-ethylhexanoate) is 26—28 h; in the case of NPG
diacetate, 2022 h (Fig. 8).
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Table 3. Values of rate constants of NPG esterification by AA and 2EH acid

AA 2EH
e k1'104,. k2'104,‘ ¢ oC k1'104,. k2'104,‘
? L/(mol'min) L/(molmin) ’ L/(mol'min) L/(mol'min)
70 0.9 0.3 - - -
80 1.9 1.2 140 3.0 1.4
90 2.9 1.7 150 5.2 23
100 5.0 1.9 160 6.3 2.8
110 8.1 2.6 170 9.9 4.2
1.8
1.6 0.8 10 e Experiment
90 °
14 0.7 30 O Calculation o
o 1.2 0.6 i’ 70 8 a
Té 1.0 %‘ 0.5 £
5 0.8 £ 04 % 50 g;» : v
06 S 0.3 5 40 o
0.4 0.2 ) a”
0.2 0.1 20 © D'n
0.0 0.0 03 g
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(a) (b) Fig. 7. Comparison of experimental

Fig. 6. Kinetic dependencies of NPG consumption, accumulation of mono- and diesters.

(a) AA + NPG at 110°C;
(b) 2EH acid + NPG at 170°C

and calculated values

of the NPG conversion change
in time. (a) AA + NPG at 110°C;
(b) 2EH acid + NPG at 170°C
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Fig. 8. Dependence of the yield of diesters on the reaction time.
(2) AA + NPG at 110°C;
(b) 2EH acid + NPG at 170°C.
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Table 4. Comparison of a number of physicochemical properties of the obtained NPG esters and industrial phthalate plasticizer

Flash point in open Mass fraction Density at 20°C,
BIETES crucible, °C of volatiles, % g/cm? Lefprzrict] G s
NPG diacetate 100+5 44.9 1.018 1A%
NPG di(2-ethylhexanoate) 173+2 0.4 0.918 v
DOP (dioctyl phthalate) (GOST 8728-88) 205 up to 0.1 0.982-0.986 11
NPG esters with a content of the main substance of at CONCLUSIONS

least 99.7 wt % were produced under the given conditions.
Their physicochemical parameters were determined
in accordance with the methods of GOST 8728-882
(Table 4).

The data presented in Table 4 indicate that NPG
diacetate is a more volatile compound due to the low
molecular weight of AA used. When using NPG diacetate
as a plasticizer, it will diffuse and evaporate from the
polymer material, which, under high-temperature
processing conditions, can lead to the ether boiling.
Therefore, NPG diacetate can be recommended for use as
a viscosity regulator for plastisols and provide improved
resistance to staining of vinyl floor coverings. This is
due to its volatility [12]. NPG di(2-ethylhexanoate) has
a high boiling point and a low volatility, which makes it
possible to use it as a plasticizer.

The study established that the optimal conditions for
NPG esterification with monocarboxylic acids include
a temperature range of 100-170°C with an 8-fold
molar excess of the acid without the use of a catalyst.
This helps prevent tarring and darkening of the reaction
mass. The observed activation energies for the formation
of NPG diacetate and di(2-ethylhexanoate) are similar
and amount to 53.7 + 7.2 kJ/mol and 54.2 + 5.7 kJ/mol,
respectively. This is consistent with the literature data on
the esterification of propionic acid with NPG: 55.3 kJ/mol.
Any differences in the values of pre-exponential factors,
in the ester synthesis time and in the physicochemical
parameters are due to the influence of the reactivity of
the acids used and spatial hindrance. The research results
obtained can be used to create domestic technology for
the production of NPG esters applied as plasticizers,
bases or components of lubricants.
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ligands to obtain higher C,,-C, 5 olefins

Aleksey A. Senin!*~, Kirill B. Polyanskii!, Aleksey M. Sheloumov!, Vladimir V. Afanasiev!,
Tatiana M. Yumasheva!, Konstantin B. Rudyak!, Stepan V. Vorobyev?

! United Research and Development Center, Moscow, 119333 Russia

2 National University of Oil and Gas (Gubkin University), Moscow, 119991 Russia

™ Corresponding author, e-mail: SeninAA@rdc.rosneft.ru

Abstract

Objectives. To synthesize 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazole ligands and new chromium complexes based on them, in order
to obtain a fraction of higher C,;~C, ¢ alpha-olefins from ethylene.

Methods. The Schlenk technique was used to obtain the target chromium complexes. Diphenylphosphanyl triazole ligands can
be characterized by nuclear magnetic resonance spectroscopy. The composition of the final products was confirmed by elemental
analysis. The liquid phase of the oligomerization reaction was studied by gas chromatography.

Results. L1-L9 ligands were obtained, and K1-K9 chromium complexes were synthesized based on the correspondent ligands using
commercially available chromium (III) trichloride tris(tetrahydrofuran). The K1-K9 complexes thus obtained were tested in the process
of ethylene oligomerization.

Conclusions. Chromium complexes based on 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazoles K1-K9 were produced in high yields using
the Schlenk technique. It was found that systems based on the K4-K7 and K9 complexes enable the ethylene oligomerization process
to be carried out with a sufficiently high level of productivity. It was shown that the introduction of a dialkyl zinc derivative increases the
performance and selectivity of the catalytic system for the target fraction.
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HAYYHAA CTATbA

CuHTE3 KOMMJIEeKCHbIX COeAUHEeHN XpoMa Ha OCHOBe
4,5-onc(pndennndocdanun)-H-1,2,3-Tpua3onbHbIX
NUraHaoB U UX NPUMEeHeHue AJ19 NoJly4eHU s BbICLUMX

onedpuHoB C,,—C,g

A.A. Cennn'*, K.B. Hoasuckuii!, A.M. Illeoymos!, B.B. Apanaches!,

T.M. IOmamesa!, K.B. Pyask!, C.B. Bopo6bnen?
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AHHOTaUuS

Heau. Cunresuposars 4,5-6uc(mupenmndocdanmn)-H-1,2,3-Tpua3onbHble JIUTAaHAB X Ha UX OCHOBE HOBBIE KOMIUIEKCHI XpOMa JUIS
nonydenus Gppaxiuuy BeICIIHX anbda-onepunos C,,—C, ¢ u3 sTHIEHA.

Metoapl. [l mOMTydeHHs IENIeBbIX KOMIUIEKCOB XpOMa HCIIONB30BAIN METOABI paboThl B MHEPTHOH atMocdepe (Texnuka lllnenka).
Judenundochanun TprazonbHbIe TUTAHIBl 0XapaKTEPH30BaHbBI METOAMHU CIIEKTPOCKOIIUH SAEPHOTO MAarHUTHOTO pe3oHaHca. CocTas
KOHEYHBIX MPOAYKTOB IMOATBEPKICH C MOMOIIBIO 2IEMEHTHOro aHammsa. JKuakas ¢as3a peakuun OlMroMepH3aniy 0XapaKkTepH30BaHa
METOZIOM Ta30BOi Xpomarorpadum.

Pesyabrarsl. [Tonydenst muranast L1-1L9 v U3 HUX ¢ HOMOIIBI0 KOMMEPYECKH JOCTYITHOTO TPUXJIOPUATPHC(TEeTparuapodypan) Xpo-
ma(Ill) cunresuposansl kommuiekesl xpoma K1-K9. [Toxyuennsie kommtekcsl K1-K9 ncnbiTans! B mpoliecce 0MUroMepu3aliy STHIICHA.
BoiBoabl. C BBICOKUMH BBIXOIAMH TOTyYCHBI HOBBIC KOMILICKCHI XpoMa Ha ocHOBe 4,5-Omc(mudenmipocdanmn)-H-1,2,3-tpuasonos K1-K9.
OOHapyKEHO, YTO CUCTEMBbI Ha 0cHOBE KoMILIekcoB K4—K7 1 K9 mo3BoJisifoT mpoBOIUTE MPOIIECC OJTMTOMEPHU3AIIUH STHIICHA C JI0CTa-
TOYHO BBICOKOH MPOM3BOAUTENBLHOCTBIO. [l0Ka3aHO, YTO BBEICHUE MHAIKMILHOTO MPOU3BOIHOTO I[MHKA MOBBIIIACT MPOU3BOAUTEINb-

KnioueBbie cnoBa

Anga uMTMpPOBaHUNA

4,5-6uc(nudpennndocdannn)-H-1,2,3-Tpruazonsl, KOMIICKCH XpOMa, OJIC(UHBI,
KaTaJuTHYECKasi CUCTEMA, OJIMTOMEPHU3ALIHs STUIICHA, MCTHIIATIOMOKCaH

HOCTB U CEJICKTUBHOCTD KaTaJTUTHUYCCKOW CHCTEMBI 110 ueneBoﬁ (bpalcupm.

28.07.2023
Oopa6oTaHa: 06.12.2023
MpuHsata B neuatb: 25.01.2024

Moctynuna:

Cenun A.A., [onsuckuii K.b., HlenoymoB A.M., AdpanaceeB B.B., IOmamesa T.M., Pynsk K.b., Bopoose C.B. CHHTE3 KOMIUIEKCHBIX
COeMHEHHH XpoMa Ha ocHoBe 4,5-0uc(nudenundocdanmn)-H-1,2,3-Tpra3onbHbBIX JIUTAHIOB U HX IPUMEHEHHUE IS TIOTYYCHHUS BBICIIIIX
onedunos C,,~C . Torkue xumuueckue mexnonoauu. 2024;19(1):39-51. https://doi.org/10.32362/2410-6593-2024-19-1-39-51

INTRODUCTION

Higher alpha-olefins are valuable multipurpose raw
materials for a range of applications. In particular, C,;~C,¢
fractions are used to produce poly alpha-olefins and
additives for lubricants, alcohols for detergents, amines,
amine oxides, nonionic surfactants, hydraulic fluids,
and are also used as components of drilling fluids.
C,,, olefins can be raw materials for the production of
synthetic oils and cutting fluids, and can also be used in
oilfield chemistry. As a rule, the use of individual olefins
is not required in these areas, but the entire fraction of
heavy linear terminal alkenes is [1, 2].

In contrast to the existing highly selective processes
for the di-, tri- and tetramerization of ethylene, to date

selective processes for the production of individual high-
molecular-weight alpha-olefins have not been developed.
According to the generally accepted mechanism [3],
this can be explained by the impossibility of sequential
coordination and cyclization of more than three to four
ethylene molecules during the catalytic cycle. This is due
to steric hindrances and thermodynamic limitations of
the ethylene oligomerization process.

In modern scientific and patent literature, there are
few descriptions of ethylene oligomerization processes
in which the reaction products contain significant
amounts of heavy olefin fractions [4-7]. Fe(Il), Fe(IlI)
complexes, as well as Cr(Ill) complexes containing
a tridentate ligand with benzimidazole and pyridyl
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fragments, activated with methylaluminoxane (MAO)
or with modified MAO (MMAO), can catalyze the
oligomerization of ethylene to form fractions Cg, and
C,o. olefins under mild conditions [8-10]. Catalytic
systems based on chromium complexes with diphosphine
ligands exhibit a high level of activity in the process of
trimerization of ethylene to 1-hexene [11].

The objective of our work was to synthesize
4,5-bis(diphenylphosphanyl)-H-1,2,3-triazole ligands and
the chromium complexes based on them, in order to obtain
a higher alpha-olefin fraction C,,—C, ¢ from ethylene.

EXPERIMENTAL

The synthesis of compounds and the preparation of
catalytic systems were carried out in an inert atmosphere
using the Schlenk technique. The initial solvents
(tetrahydrofuran (THF) (reagent grade, Chimmed,
Russia), toluene (special purity grade, Chimmed), and
hexane (reagent grade, Chimmed)) used for the synthesis
were purified by boiling and distillation over sodium
with benzophenone ketyl at atmospheric pressure in an
argon flow. Diphenyl(chloro)phosphine (95%, Acros
Organics, Belgium) was distilled in a vacuum (boiling
point 7, = 124-126°C at 3 mm Hg). Acetone (special
purity grade, Chimmed), chloroform (reagent grade,
stabilized with 0.6-1.0% EtOH, Chimmed), ethyl
acetate (reagent grade, Chimmed), methanol (Labscan,
HPLC-grade), and methylene chloride (reagent grade,
Chimmed) were used without additional purification.
Chromium(I1T) trichloride tris(tetrahydrofuran)
(Cr(THF);Cly)  (98%, Acros Organics, Belgium),
MAO (10% solution in toluene, Sigma-Aldrich,
USA), diethylzinc (ZnEt,) (1.5 M solution in toluene,
Sigma-Aldrich), n-pentadecane (99%, Sigma-Aldrich),
copper(l)iodide(98%,A4cros Organics),aqueoushydrogen
peroxide (35%, Acros Organics), sodium azide (special
purity grade, Chimmed), trichlorosilane (99%, Acros
Organics), methyl iodide (99%, Sigma-Aldrich), n-butyl
chloride (99%, Sigma-Aldrich), sodium iodide (special
purity grade, Chimmed), n-hexyl iodide (98%), n-octyl
chloride (99%), silica gel (60 A, Sigma-Aldrich),
pyridine (97%, Acros Organics), calcium carbide (98%,
Acros Organics), and triethylamine (99%, Acros
Organics) were used without any additional purification.
Dibromobis(triphenylphosphine)nickel(I) (NiBr,(PPh,),)
was obtained from nickel(Il) bromide (98%, Acros
Organics) and triphenylphosphine (99+%, Acros
Organics) according to the published procedure [12].
Alkyl azides were obtained from the corresponding
commercially available alkyl halides (Sigma-Aldrich).
Ethylene (Mostekhgaz, Russia) was passed through
three series-connected columns filled with activated
carbon (Chimmed) and zeolites (3A and 13X, Chimmed).
High-purity argon (Moscow Gas Processing Plant,
Russia) was further purified by being passed through

three series-connected columns filled with zeolites (3A
and 13X), copper oxide (CuO reduced to Cu, Chimmed),
and a CE35KF polisher (Entegris, USA). This ensured
the residual content of oxygen, water, CO, etc. at the
1 ppb level. The purity of the resulting compounds
was determined by 'H and 3!'P{'H} nuclear magnetic
resonance (NMR) spectroscopy.

"H and 3'P{'H} NMR spectra were recorded by means
of a Bruker AVANCE 400 NMR spectrometer (Bruker
Corporation, USA) at the A.N. Nesmeyanov Institute
of Organoelement Compounds, Russian Academy of
Sciences, using tetramethylsilane as an internal standard
and 85% H,;PO, as an external standard. Elemental
analysis was performed using a FLASH 2000 CHNS/O
analyzer (Thermo Fisher Scientific, United Kingdom).
The melting points were measured by the capillary method
with an Electrothermal 1A 9000 Series (Thermo Fisher
Scientific) digital melting point apparatus. The studies
were carried out at the Analytical Laboratory, United
Research and Development Center, Moscow, Russia.

The liquid phase of the reaction mixture containing
ethylene oligomerization products was analyzed using
a Focus GC gas chromatograph (ThermoFinnigan,
USA) with a flame ionization detector and a DB5 MS
capillary column (length 50 m, diameter 0.2 mm)
at a maximum operating temperature of 340°C. The
contents of individual components in the mixture of
ethylene oligomerization products were determined
by the internal standard method using n-decane as an
internal standard. A 0.2—0.3-uL sample was introduced
using a Hamilton microsyringe (USA).

The column thermostat was programmed as follows:
initial temperature 75°C; isothermal holding at 75°C,
12 min; heating from 75 to 290°C at a rate of 7 deg/min;
isothermal holding at 290°C, 95 min. The vaporizer was
programmed as follows: temperature 280°C; total carrier
gas (helium) flow rate 35 mL/min; split ratio 50 : 1;
constant gas flow rate through the column, 0.7 mL/min.

The general methodology for testing catalytic systems
in the process of ethylene oligomerization was described
earlier [13].

Synthesis of ligands

Method for the synthesis
of 1,2-bis(diphenylphosphanyl)acetylene (1)

A solution of 50.0 g (0.23 mol) of diphenyl(chloro)-
phosphine, 1.30 g (6.81 mmol) of copper(l)
iodide, 57.4 g (0.568 mol) of triethylamine, and
4.0 g (5.68 mmol) of NiBr,(PPh,), in 100 mL of toluene
was stirred at 60°C for 18 h in an atmosphere of dry and
purified acetylene obtained from 73.0 g (1.135 mol)
calcium carbide. Next, the solvent was evaporated, and
1,2-bis(diphenylphosphanyl)acetylene  was isolated
from the residue by chromatography (silica gel; eluent:
chloroform—hexane (1 : 10)).
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Yield: 32.0 g (71%). 'H NMR spectrum (400 MHz,
CDCl,): & (ppm) 7.34-7.46 (13H,m,H,, ), 7.60~7.73 (8H,
m, H, ). 3'P{'H} NMR spectrum (161.98 MHz, CDCl,):
8 (ppm) —32.13 (1P, s). 13C NMR spectrum (101 MHz,
CDCl,): & (ppm) 106.9, 128.7,129.2, 132.6 132.8, 135.7.
C,H,(P,. Calculated (%): C, 79.18; H,5.11. Found (%):
C,79.13; H, 5.19.

Method for the synthesis of acetylene-1,2-
diylbis(diphenylphosphine oxide) (2)

A 35% aqueous solution of hydrogen peroxide
(6.51 mL (76.1 mmol)) was added dropwise with stirring
to a solution (cooled to 5°C) of 10.0 g (25.4 mmol)
of compound 1 in 100 mL of THEF, and the obtained
mixture was then stirred for 30 min. Next, 50 mL of
a saturated aqueous solution of sodium thiosulfate
was added and left to stir for 30 min, after which the
obtained mixture was extracted 3 times with 50 mL of
chloroform. The organic layer was dried over sodium
sulfate, the solvent was evaporated, and acetylene-1,2-
diylbis(diphenylphosphine oxide) was obtained in the
form of a light yellow powder.

Yield: 9.30 g (86%). 'H NMR spectrum (400 MHz,
CDCly): 6 (ppm) 7.45-7.55 (8H, m, H, ), 7.57-7.64 (4H,
m, HAr), 7.73-7.85 (8H, m, HAr). 3'P{'H} NMR
spectrum (161.98 MHz, CDCl,): 8 (ppm) 9.78 (1P, s).
13C NMR spectrum (101 MHz, CDCL,): & (ppm) 99.9,
129.2, 129.7, 131.0, 131.1, 132.2, 133.3. C, H,P,0,.
Calculated (%): C, 73.24; H, 4.73. Found (%): C, 73.18;
H, 4.75.

Method for the synthesis of (2H-1,2,3-triazole-
4,5-diyl)bis(diphenylphosphine oxide) (3)

To a solution of 9.30 g (21.8 mmol) of compound 2 in
75 mL of THF, 1.84 g (28.3 mmol) of sodium azide
was added, and the obtained mixture was stirred at
a temperature of 50°C for 10 h. Then the reaction mass
was evaporated to dryness, and the residue was dissolved
in 100 mL of water and acidified to pH 5. The formed
precipitate was filtered off, washed on the filter with
water 3 times, 30 mL each, and dried in a vacuum.
Yield: 7.80 g (76%). 'H NMR spectrum (400 MHz,
CDCl,): 6 (ppm) 7.45-7.55 (8H, m, H,, ), 7.57-7.66 (84H,
m, H, ), 7.83 (8H, dd, J=13.83, 8.11 Hz, H, ). *'P{'H}
NMR  spectrum (161.98 MHz, CDCl;): & (ppm)
9.18 (1P, s). C,¢H, N;P,0,. Calculated (%): C, 66.53; H,
4.51; N, 8.95. Found (%): C, 66.37; H, 4.49; N, 8.74.

General procedure for the synthesis

of (1-R-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxides)

To a solution of 9.30 g (21.8 mmol) of compound 2 in

75 mL of THF, 28.3 mmol of azide was added, and the
obtained mixture was stirred at a temperature of 50°C

for 10 h. Then the reaction mass was cooled to room
temperature (20°C), the solvent was evaporated, and the
residue was chromatographed (silica gel; eluent: ethyl
acetate—hexane (3 : 1)).

(1-hexyl-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (4)

Yield: 8.80 g (73%). '"H NMR spectrum (400 MHz,
dimethyl sulfoxide-d, (DMSO-dj)): 6 (ppm) 0.74-0.84 (3H,
m, CH,), 1.09-1.19 (6H, m, 3 x CH,), 1.75 (2H, q,
J =723 Hz, CH,), 5.05 2H, t, J = 7.31 Hz, CH,),
7.21-7.59 (16H, m, H, ), 7.85-7.91 (4H, m, H, ). *'P{'H}
NMR spectrum (161.98 MHz, CDCl,): 6 (ppm) 18.05 (1P,
s), 21.22 (1P, s). C5,H43N;P,0,. Calculated (%): C, 69.43;
H, 6.01; N, 7.59. Found (%): C, 69.50; H, 6.39; N, 7.44.

(1-(2-octylthioethyl)-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (5)

Yield: 10.80 g (77%). '"H NMR spectrum (400 MHz,
CD,Cly): & (ppm) 0.92 (3H, t, J = 6.83 Hz, CH,),
1.19-1.61 (12H, m, 6 x CH,), 2.41-2.57 (2H, m,
CH,), 2.87-3.01 (2H, m, CH,), 2.88-3.02 (2H, m,
CH,), 5.25 (2H, t, J = 7.31 Hz, CH,), 7.27-7.58 (16H,
m, H,), 7.83-8.00 (4H, m, H,). 3'P{'H} NMR
spectrum (161.98 MHz, CD,Cl,): 6 (ppm) 17.00 (1P, s),
20.88 (1P, s). C3,H, N;P,0,S. Calculated (%): C, 67.38;
H, 6.44; N, 6.55. Found (%): C, 67.57; H, 6.39; N, 6.45.

General procedure for the synthesis
of (2-(alkyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxides)

To a solution of 9.30 g (21.8 mmol) of compound 2 in
75 mL of THF, 1.84 g (28.3 mmol) of sodium azide was
added, and the mixture was stirred at a temperature of
50°C for 10 h. Then the reaction mass was cooled to
room temperature (20°C), and the formed precipitate
was filtered off. To the filtrate, 21.8 mmol of alkyl
iodide was added, and the mixture was heated at 70°C
with reflux and stirring for 8 h. Then the reaction mass
was cooled to room temperature, the precipitate was
filtered off, the filtrate was evaporated, and the residue
was chromatographed (silica gel; eluent: ethyl acetate—
hexane (3 : 1)). As a result, compounds 6-11 were
obtained.

(2-(methyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (6)

Yield: 6.50 g (62%). 'H NMR spectrum (400 MHz,
C¢Dy): 6 (ppm) 4.31 (3H, s, CH,), 7.31-7.75 (20H, m,
H, ). *'P{!H} NMR spectrum (161.98 MHz, C/D,):
d (ppm) 18.65 (1P, s). C,,H,;N,P,0,. Calculated (%):
C, 67.08; H, 4.80; N, 8.69. Found (%): C, 67.00; H, 4.79;
N, 8.64.
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(2-(butyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (7)

Yield: 7.60 g (66%). '"H NMR spectrum (400 MHz,
CDCly): & (ppm) 0.91 (3H, t, J = 7.31 Hz, CH,),
1.28-1.34 (2H, m, CH,), 1.93 (2H, q, J = 7.15 Hz,
CH,), 4.50 (2H, t,J=7.15 Hz, CH,), 7.31-7.36 (8H, m,
H,,), 7.43-7.50 (4H, m, H, ), 7.67-7.73 (8H, m, H, ).
31P{'H} NMR spectrum (161.98 MHz, CDCI,): & (ppm)
21.81 (1P, s). C4,H,oN;P,0,. Calculated (%): C, 68.56;
H, 5.56; N, 8.00. Found (%): C, 68.47; H, 5.60; N, 7.95.

(2-(hexyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (8)

Yield: 8.60 g (71%). 'H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 0.93 (3H, t, J = 6.83 Hz, CH,),
1.31-1.38 (4H, m, 2 x CH,), 1.77-1.87 (2H, m, CH,),
3.17-3.30 (2H, m, CH,), 4.53 (2H, t, J = 6.83 Hz,
CH,), 7.33-7.46 (8H, m, H,), 7.51-7.58 (4H,
m, H, ), 7.62-7.66 (8H, m, H,). 3'P{'H} NMR
spectrum  (161.98 MHz, DMSO-d;): & (ppm)
17.90 (1P, s). C5,H;3N5P,0,. Calculated (%): C, 69.43;
H, 6.01; N, 7.59. Found (%): C, 69.40; H, 6.09; N, 7.57.

(2-(octyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (9)

Yield: 8.50 g (67%). 'H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 0.79-0.92 (3H, m, CH,),
1.10-1.35 (4H, m, 2 x CH,), 1.68-1.91 (6H, m, 3 x
CH,), 3.12-3.26 (2H, m, CH,), 4.50 (2H, t, J = 6.99 Hz,
CH,), 7.34-7.47 (8H, m, H, ), 7.45-7.55 (4H,
m, H,), 7.65-7.78 (8H, m, H,). 3'P{'H} NMR
spectrum  (161.98 MHz, DMSO-d;): & (ppm)
17.62 (1P, s). C;,H;,N;P,0,. Calculated (%): C, 70.21;
H, 6.41; N, 7.22. Found (%): C, 70.21; H, 6.45; N, 7.19.

(2-(allyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (10)

Yield: 8.30 g (75%). 'H NMR spectrum (400 MHz,
CD,CL,): & (ppm) 5.40 (2H, d, J = 6.36 Hz, CH,),
522-535 (2H, m, =CH,), 6.0-6.13 (IH, m,
=CH), 7.35-7.38 (8H, m, H,), 7.48-7.58 (4H,
m, H,), 7.61-7.74 (12H, m, H,). 3'P{'H} NMR
spectrum (161.98 MHz, CD,Cl,): 6 (ppm) 18.37 (1P, s).
C,oH,sN,P,0,. Calculated (%): C, 68.37; H, 4.95; N,
8.25. Found (%): C, 68.29; H, 4.91; N, 8.23.

(2-(hex-5-en-1-yl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (11)

Yield: 7.85 g (65%). '"H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 1.07-1.30 (2H, m, CH,),
1.77-1.85 (2H, m, CH,), 1.87-1.95 (2H, m, CH,),
4.54(2H,t,J=6.68 Hz, CH,CH=CH,), 4.89-4.96 (2H, m,
CH=CH,), 5.63-5.75 (1H, m, CH=CH,), 7.39-7.48 (8H,

m, H, ) 7.55 (12H, d, J = 11.44 Hz). *'P{'H} NMR
spectrum (161.98 MHz, DMSO-d,): 5 (ppm) 15.82 (1P, s).
C;,H; N4P,0,. Calculated (%): C, 69.68; H, 5.67; N,
7.62. Found (%): C, 69.67; H, 5.59; N, 7.57.

General procedure for the reduction
of diphenylphosphine oxides to obtain
ligands L1-L9

A 250-mL magnetically stirred three-neck round-bottom
flask with an inert gas supply line and a dropping funnel
was charged with 0.014 mol of one of compounds
3—11 and 75 mL of absolute toluene. To the obtained
solution, 11.5 g (0.085 mol) of trichlorosilane and then
20.1 g (0.255 mol) of pyridine were added dropwise in
an argon atmosphere. The reaction mixture was stirred at
90°C for 2 h and next filtered, the filtrate was evaporated,
and the residue was chromatographed (silica gel; eluent:
ethyl acetate—hexane (1:10)). As a result, L1-L9 ligands
were obtained.

4,5-bis(diphenylphosphanyl)-2H-1,2,3-
triazole (L1)

Yield: 2.50 g (41%). Retention factor R.= 0.22 (Sorbfil);
eluent: ethyl acetate-hexane (1 : 2). 'H NMR
spectrum (300 MHz, CDCl,): 8 (ppm) 7.21-7.56 (20H,
m, H, ), 1242 (1H, br. s, NH). 3'P{!H} NMR
spectrum (161.98 MHz, CDCl,): 6 (ppm) —36.26 (1P, s),
—2.49 (1P, s). C,(H, N;P,. Calculated (%): C, 71.39; H,
4.84; N, 9.61. Found (%): C, 71.37; H, 4.79; N, 9.64.

4,5-bis(diphenylphosphanyl)-1-hexyl-1H-1,2,3-
triazole (L2)

Yield: 5.46 g (74%). R;= 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). '"H NMR spectrum (400 MHz,
CDCly): & (ppm) 0.80-0.87 (3H, m, CHy),
1.10-1.23 (6H, m, 3 x CH,), 1.65-1.69 (2H, m, CH,),
4.40 (2H, t, J = 7.63 Hz, CH,), 7.19-7.36 (20H, m,
H, ). 3'P{'H} NMR spectrum (161.98 MHz, CDCl,):
0 (ppm) —36.09 (1P, m). C;,H;;N,P,. Calculated (%):
C, 73.69; H, 6.38; N, 8.06. Found (%): C, 73.87; H,
6.49; N, 7.94.

4,5-bis(diphenylphosphanyl)-1-((2-octylthio)-
ethyl)-1H-1,2,3-triazole (L3)

Yield: 6.50 g (76%). R, = 0.41 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CDCl,):8(ppm)0.84-0.97 (3H, m, CH;), 1.23-1.55(12H,
m, 6 x CH,), 2.38-2.47 (2H, m, CH,), 2.76-2.85 (2H, m,
CH,), 4.66 (2H, t, J = 7.63 Hz, CH,), 7.27-7.41 (20H,
m, H, ). *'P{'H} NMR spectrum (161.98 MHz, CDCl,):
d (ppm) —36.09 (1P, s). C;,H,,N;P,S. Calculated (%): C,
70.91; H, 6.78; N, 6.89. Found (%): C, 70.87; H, 6.79;
N, 6.82.
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4,5-bis(diphenylphosphanyl)-2-(methyl)-2H-
1,2,3-triazole (L4)

Yield: 4.30 g (68%). R, = 0.33 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (500 MHz,
CDCly): 6 (ppm) 4.23 (3H, m, CH,), 7.24-7.31 (12H,
m, H,), 7.36-7.44 (8H, m, H,). 3'P{H} NMR
spectrum (202 MHz, CDCl,): 8 (ppm) —34.29 (1P, s).
C,,H,;N;P,. Calculated (%): C, 71.83; H, 5.14; N, 9.31.
Found (%): C, 71.85; H, 5.29; N, 9.34.

4 ,5-bis(diphenylphosphanyl)-2-(butyl)-2H-1,2,3-
triazole (LS)

Yield: 4.40 g (64%). R, = 0.35 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 8 (ppm)0.90-0.96 (3H, m,CH}), 1.25-1.35(2H,
m, CH,), 1.88-1.96 (2H, m, CH,),4.47 (2H,t,J/=7.13 Hz,
CH,), 7.24-7.30 (12H, m, H, ), 7.37-7.44 (8H, m, H, ).
3IP{'H} NMR spectrum (202 MHz, CDCl,): & (ppm)
—34.10 (1P, s). C;,H,oN;P,. Calculated (%): C, 73.01;
H, 5.92; N, 8.51. Found (%): C, 73.07; H, 5.84; N, 8.50.

4,5-bis(diphenylphosphanyl)-2-(hexyl)-2H-1,2,3-
triazole (L6)

Yield: 5.53 g (75%). R;= 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cly): & (ppm) 0.89-0.97 (3H, m, CH,),
1.25-1.36 (6H, m, 3 x CH,), 1.90-2.03 (2H, m, CH,),
450 2H, t, J = 6.99 Hz, CH,), 7.28-7.46 (20H, m,
H,). 3Ip{IHY NMR spectrum (161.98 MHz, CD,Cl,):
8 (ppm) —34.02 (1P, s). C5,H;3N;P,. Calculated (%): C,
73.69; H, 6.38; N, 8.06. Found (%): C, 73.70; H, 6.39;
N, 7.97.

4,5-bis(diphenylphosphanyl)-2-(octyl)-2H-1,2,3-
triazole (L7)

Yield: 5.23 (68%). R, = 0.40 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cly): o (ppm) 0.88-0.98 (3H, m, CH,),
1.18-1.31 (10H, m, 5 x CH,), 1.87-1.99 (2H, m, CH,),
447 2H, t, J = 6.99 Hz, CH,), 7.25-7.43 (20H, m,
H,). 3IpAIHY NMR spectrum (161.98 MHz, CD,Cl,):
0 (ppm) —34.14 (1P, s). C3,H;,N;P,. Calculated (%): C,
74.30; H, 6.79; N, 7.65. Found (%): C, 74.37; H, 6.89;
N, 7.54.

4,5-bis(diphenylphosphanyl)-2-(allyl)-2H-1,2,3-
triazole (L8)

Yield: 5.00 g (75%). R;= 0.34 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 6 (ppm) 5.08-5.35 (4H, m, 2 x CH,),
6.04-6.22 (1H, m, CH), 7.24-7.31 (12H, m, H,),
7.28-7.69 (20H, m, H, ). *'P{'H} NMR spectrum

(161.98 MHz, CD,Cl,): & (ppm) —33.69 (IP, s).
C,oH,5N;P,. Calculated (%): C, 72.95; H, 5.28; N, 8.80.
Found (%): C, 72.94; H, 5.21; N, 8.74.

4,5-bis(diphenylphosphanyl)-2-(hex-5-en-1-yl)-
2H-1,2,3-triazole (L9)

Yield: 5.24 g (71%). Ry = 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 6 (ppm) 1.18-1.48 (3H, m, CH,), 1.90-2.17 (4H,
m, CH,), 451 (2H, t, J = 6.99 Hz, =CHCH,),
4.87-5.17 (2H, m, CH,=CH), 5.79 (1H, ddt, J = 17.05,
10.29, 6.68, 6.68 Hz, CH,=CH), 7.24-7.53 (20H, m,
H,,). 3'P{'H} NMR spectrum (161.98 MHz, CD,CL,):
0 (ppm) —34.00 (1P, s). C5,H;;N;P,. Calculated (%): C,
73.98; H, 6.01; N, 8.09. Found (%): C, 73.97; H, 5.99;
N, 8.07.

General procedure for the synthesis
of chromium complexes

In a 100-mL magnetically stirred Schlenk flask,
3.39 g (9.1 mmol) of the Cr(THF),Cl; complex and
10.1 mmol of the corresponding L1-L9 ligand were
placed. The flask was evacuated and filled with argon. In
a stream of argon, 50 mL of absolute THF was added, the
obtained suspension was degassed and stirred at room
temperature (20°C) for 18 h. The solvent was evaporated,
and the residue was washed with hexane and dried in
vacuum. As a result, K1-K9 complexes were obtained.

(4,5-bis(diphenylphosphanyl)-2H-1,2,3-triazole)-
P,P)-tetrahydrofurantrichlorochrome(lll) (K1)

Yield of the final K1 chromium complex in the form
of a blue-violet powder: 4.30 g (71%). Melting point
T et > 250°C. C5,H,4Cl,CrN;OP,. Calculated (%): C,
53.97; H, 4.35; N, 6.29. Found (%): C, 53.66; H, 4.26;
N, 6.44.

(4,5-bis(diphenylphosphanyl)-
1-hexyl-1H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K2)

Yield of the final K2 chromium complex, in the form
of a blue-violet powder: 5.60 g (82%). T, > 250°C.
C;6H,4,C1,CrN,OP,. Calculated (%): C, 57.52; H, 5.46;
N, 5.59. Found (%): C, 56.37; H, 5.29; N, 5.94.

(4,5-bis(diphenylphosphanyl)-1-(2-
octylthio)ethyl)-1H-1,2,3-triazole-P,P)-
tetrahydrofurantrichlorochrome(lil) (K3)

Yield of the final K3 chromium complex in the form
of a blue-violet powder: 5.90 g (77%). T, > 250°C.
C4oH,47CL,CrN;OP,S. Calculated (%): C, 57.34; H, 5.61;
N, 5.02. Found (%): C, 56.88; H, 5.91; N, 5.18.
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(4,5-bis(diphenylphosphanyl)-2-
(methyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K4)

Yield of the final K4 chromium complex in the form
of a dark blue powder: 4.35 g (70%). T, ., > 250°C.
C;,H;,Cl,CrN,OP,. Calculated (%): C, 54.62; H, 4.55;
N, 6.16. Found (%): C, 53.79; H, 4.24; N, 6.12.

(4,5-bis(diphenylphosphanyl)-2-
(butyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K5)

Yield of the final K5 chromium complex in the
form of a blue powder: 4.50 g (68%). T, > 250°C.
C;,4H;,CL,CrN;OP,. Calculated (%): C, 56.43; H, 5.12;

N, 5.81. Found (%): C, 55.89; H, 5.04; N, 5.88.

(4,5-bis(diphenylphosphanyl)-2-
(hexyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K6)

Yield of the final K6 chromium complex in the
form of a blue powder: 5.82 g (85%). T, > 250°C.

C;¢H,,CI,CrN;OP,. Calculated (%): C, 57.52; H, 5.46;
N, 5.59. Found (%): C, 57.37; H, 5.29; N, 5.44.

(4,5-bis(diphenylphosphanyl)-2-
(octyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K7)

Yield of the final K7 chromium complex in the form
of a blue-violet powder: 5.34 g (75%). T, > 250°C.
C44H,5CL,CrN,OP,,. Calculated (%): C, 58.53; H, 5.78;
N, 5.39. Found (%): C, 58.31; H, 5.56; N, 5.54.

(4,5-bis(diphenylphosphanyl)-
2-(allyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K8)

Yield of the final K8 chromium complex in the
form of a blue powder: 5.89 g (76%). T, > 250°C.
C4;H4;C1,CrN,OP,,. Calculated (%): C, 56.01; H, 4.67;
N, 5.94. Found (%): C, 56.20; H, 4.51; N, 5.98.

(4,5-bis(diphenylphosphanyl)-2-(hex-
5-en-1-yl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K9)

Yield of the final K9 chromium complex in the form
of a blue-violet powder: 4.93 g (72%). T, > 250°C.
C56H39CL,CrN;OP,. Calculated (%): C, 57.67; H, 5.21;

N, 5.60. Found (%): C, 57.29; H, 5.16; N, 5.54.

RESULTS AND DISCUSSION

L1-L9 ligands were synthesized according to
Schemes 1 and 2. 4,5-Disubstituted 1,2,3-triazoles were
obtained by reacting activated alkynes with various
azides[13,14]. Acetylene-1,2-diylbis(diphenylphosphine
oxide) (2), a key compound for the synthesis of
a whole series of ligands, was produced by reacting
diphenylchlorophosphine with acetylene in the presence
of copper and nickel salts. This was followed by
oxidation of diphenylphosphanylacetylene with an
aqueous solution of hydrogen peroxide.

To synthesize NH-triazole L1, the corresponding
diphenylphosphine oxide was obtained from acetylene-
1,2-diylbis(diphenylphosphine oxide) and sodium azide.
It was then reduced in the trichlorosilane—pyridine
system.

In order to obtain L2 and L3, acetylene-1,2-
diylbis(diphenylphosphine oxide) was reacted with
alkyl azides, and then the intermediate dioxo derivative
thus formed was reduced in the trichlorosilane—pyridine
system.

In the synthesis of L4-L9 ligands, the sodium triazole
salt obtained was treated with the corresponding alkyl
halide. As a result, after chromatographic separation,
the resulting diphenylphosphine oxides were reduced.
4,5-disubstituted triazoles easily form complexes with
various metals [14—17], due to which the reaction can
occur under mild conditions.

K1-K9 complexes were synthesized from the
corresponding L1-L9 ligands and a commercially
available chromium source Cr(THF),Cl; with yields of
up to 85% (Schemes 1 and 2).

K1-K9 chromium complexes are paramagnetic
compounds and NMR spectroscopy cannot directly
confirm their structure. However, NMR spectroscopy
data on their precursors, diphosphine ligands L1-L9,
as well as elemental analysis data on K1-K9 make
it possible for their structure and composition to be
unambiguously determined.

Chromium complexes based on polydentate
heteroatomic  ligands in  combination  with
organoaluminum compounds as activators are
highly efficient catalytic systems for ethylene
oligomerization [18, 19]. The resulting KI1-K9
complexes were tested for activity in the process of
ethylene oligomerization using methylaluminoxane as
an initiator. Table 1 presents the characteristics of the
process of oligomerization in toluene at an operating
temperature of 95°C and a pressure of 2.0 MPa. It
was previously shown that chromium complexes
with polydentate organic ligands demonstrate the
highest performance under these conditions [11]. The
process of ethylene oligomerization using K1-K9
complexes is nonselective. The productivity ranges
from 2.0 to 51.0 kg/g,-h, depending on the compounds
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‘ Scheme 2. Synthesis of L2—-L9 ligands and K2—-K9 complexes

used. The amount of the polymer by-product also varies
significantly (Table 1). For all the systems being studied,
the main olefin fraction is the C,,~C, fraction (from
27.0 to 47.0 wt %). The content of the C,,~C;, heavy
olefin fraction in the oligomerization products ranges
from 4.4 to 13.0 wt %. The selectivity of the process
for the final product (individual higher alpha-olefin or
alpha-olefin fraction) is determined both by the process

conditions and, to a large extent, by the structure and
electronic properties of the organic ligands included
in the metal complex catalysts. In this regard, three
groups can be distinguished among the tested catalytic
systems: based on K1-K3, K4-K8, and K9 complexes.
The process of ethylene oligomerization with the
participation of the first group is characterized by low
productivity and selectivity for C,;~C,, fractions, as
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well as high polymer content, making it inefficient.
Systems based on K4-K8 enable the process to
be carried out with a fairly high productivity from
11.0 to 43.0 kg/g-,-h and a moderate content of the
polymer product (no more than 3.1 wt %). The best
performance of the process is demonstrated by the
system based on the K9 complex with the ligand
4,5-bis(diphenylphosphanyl)-2-(hex-5-en-1-yl)-2H-
1,2,3-triazole. This ensures selectivities for the C,,—C ¢
and C,;-C,, olefin fractions in products of 47.4 and
13.0 wt %, respectively, with a productivity of more
than 50 kg/g, h.

The literature shows that the use of additives of
organozinc compounds to the catalytic system for
ethylene oligomerization, Cr(PNP)Cl;/MAO (PNP =
= Ph,PN(i-Pr)PPh,), helps to increase the productivity
and selectivity of the process for the fraction of
C,y~C,, oligomers (35-60 wt %). It also reduces the
amount of the polyethylene by-product and its molecular
weight [5]. In view of this, we used a diethylzinc solution
as a coactivator for the catalytic system based on the K7
complex and MAO (Table 2) at a temperature of 95°C
and a pressure of 2.0 MPa, in order to increase the

productivity of the process and reduce the yield of the
polymer product. As a result, it was shown that increasing
the ratio of diethylzinc in the composition of the catalytic
system to the molar ratio [Cr] : [MAO] : [ZnEt,] =
=1 : 850 : 300 leads to a decrease in the content of
the polymer product to 0.2 wt %, and to an increase in
selectivity for the C,,—C, 4 fraction to 49.1 wt % with an
increase in productivity to 57.9 kg/g.-h.

We studied the effect of temperature on the
oligomerization process for the catalytic system
with the component ratio [Cr] : [MAO] : [ZnEt,] =
=1 : 850 : 300 (Table 3). As a result, it was shown
that reducing the temperature to 45°C leads to an
increase in the yield of the polymer by-product, as well
as a decrease in selectivity for the C,,~C,¢ fraction
to 46.3 wt %, and a drop in process productivity by
a factor of 2.5. An increase in temperature to 110°C
also leads to a decrease in the selectivity of the process
for C,,—C,q fractions, whereas the productivity
decreases to 14.4 kg/g-,-h. This shows that the optimal
temperature regime for the oligomerization process
using the K7 complex activated by methylaluminoxane
and diethylzinc is 95°C.

Table 1. Results of testing of catalytic systems based on K1-K9 complexes activated by methylaluminoxane in the reaction

of oligomerization of ethylene

Selectivity, wt %
Complex Prﬁggi‘./;lty’

Polymer Cy Cs Cy CioCis | Co0Cso | Caon
K1 5.0 53 16.7 | 13.4 | 143 40.2 9.1 1.0
K2 2.0 10.5 28.5 13.3 13.9 29.4 44 -
K3 3.0 18.9 152 | 10.0 | 18.5 27.0 10.5 -
K4 43.0 1.4 104 | 16.6 | 15.5 46.8 8.8 0.5
K5 17.0 3.1 9.3 149 | 142 46.4 11.2 0.9
K6 28.0 1.9 108 | 172 | 16.0 46.9 6.8 0.4
K7 21.0 1.7 9.5 149 | 148 46.7 11.7 0.7
K8 11.0 1.6 114 | 139 | 146 44.7 12.2 1.6
K9 51.0 1.9 8.5 146 | 14.6 474 13.0 -

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent: toluene (25.0 mL); loading of chromium complexes K1-K9,
0.85 umol; activator, MAO; molar ratio [Cr] : [MAO] = 1 : 850; temperature, 95°C; pressure, 2.0 MPa; duration of the experiment, 0.5 h.
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Table 2. Effect of diethylzinc as a coactivator of the catalytic system of ethylene oligomerization based on the K7 complex
Selectivit t 9
Molar ratio Productivity, clectivity, wt %
Cr] : [MAO] : [ZnEt kg/g-h
[Cr]: [MAO] - [ZnEr,] ¥ecr Polymer | C, | Co | G | C,gCis | CpCso | Cape
1:850:0 21.0 1.7 9.5 149 | 148 46.7 11.7 0.7
1:850:100 54.7 1.3 9.0 164 | 154 50.5 7.1 0.3
1:850:300 57.9 0.2 10.0 | 16.7 | 147 49.1 8.8 0.5
1:850: 600 44.5 - 11.5 182 | 15.1 47.5 7.3 0.4

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent, toluene (25.0 mL); loading of chromium complexes K7,
0.85 umol; activator, MAO; coactivator, ZnEt,; temperature, 95°C; pressure, 2.0 MPa; duration of the experiment, 0.5 h.

Table 3. Parameters of the process of ethylene oligomerization based on the K7 complex activated by a mixture of methylaluminoxane

and diethylzinc at various temperatures

.. Selectivity, wt %
o Productivity,
Temperature, °C K i

i Polymer C, Cs Cq CiiCis CyiCsy Cyos
45 20.9 0.7 128 | 19.1 15.5 46.3 5.5 0.1
75 443 0.5 11.3 17,3 15.0 48.4 7.2 0.3
95 57.9 0.2 10.0 | 16.7 | 147 49.1 8.8 0.5
110 14.4 - 12.8 | 18.8 | 143 47.1 6.8 0.2

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent, toluene (25.0 mL); loading of chromium complex K7, 0.85 umol,
activator, MAO; molar ratio [Cr] : [MAO] : [ZnEt,] = 1 : 850 : 300; pressure, 2.0 MPa; the duration of the experiment, 0.5 h.

CONCLUSIONS

The study proposed a method for the preparation
of L1-L9 bis(diphenylphosphanyl)triazole ligands
from commercially available compounds. This allows
the introduction of alkyl and alkenyl substituents
with different carbon chain lengths into the triazole
fragment. This also improves the solubility of chromium
complexes in the reaction medium, and affects the
steric and electronic properties of ligands which control
the catalytic activity and selectivity of the ethylene
oligomerization process. New chromium complexes
K1-K9 based on 4,5-bis(diphenylphosphanyl)-H-1,2,3-
triazoles were synthesized (with yields of 69-85%).
The process of ethylene oligomerization using catalytic
systems based on them was also studied. It was determined
that systems based on the K4-K7 and K9 complexes
enable the process of ethylene oligomerization to be
carried out with a fairly high level of productivity (up to
51.0 kg/gc, h). The maximum selectivity for C,;~C ¢ and
C,;—C5, olefins was observed for the catalytic system

based on the K9 complex with a hexenyltriazole ligand.
It was shown that the introduction of diethylzinc as
a coactivator of the catalytic system based on the
K7 complex leads to an increase in the productivity of
the system and an increase in selectivity for the heavy
olefin fraction. Further study of catalytic systems based
on 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazoles is
promising with regard to determining the characteristics
of the oligomerization process, as well as in creating
catalysts for the production of linear alpha-olefins with
a high level of selectivity for the fraction of higher alpha-
olefins intended for the synthesis of synthetic oils and
fuel additives.
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Abstract

Objectives. To create new polymer materials based on organosilicon derivatives of benzocyclobutene and to study the possibility of their
use as insulating dielectric layers in micro- and microwave electronics devices.

Methods. The synthesis of the dibenzocyclobutyldimethylsilane (diBCB-DMS) monomer was carried out from 4-brombenzocyclobutene
through the production stage of the Grignard reagent. Copolymers based on divinylbenzene and dibenzocyclobutyldimethylsilane were
obtained by means of thermal polymerization. The properties and structure of the copolymers thus obtained were studied using the
following methods: thermogravimetric analysis, infrared spectroscopy, nuclear magnetic resonance (NMR), mass spectroscopy, and
by means of high-frequency measurements of volt-ampere characteristics and volumetric resonator.

Results. diBCB-DMS was synthesized with a yield of 81.5%. The composition and structure were confirmed by 'H and 13C NMR
spectroscopy. The dielectric constant of the diBCB-DMS homopolymer is ~2.6. The tangent of the dielectric loss angle at 1 GHz of the
diBCB-DMS homopolymer is 2.3-107#. The tangent of the dielectric loss angle at 10 GHz of the diBCB-DMS homopolymer is 2.6-107%.
The study of divinylbenzene and diBCB-DMS copolymers in different molar ratios on a thermogravimetric analyzer showed that the
copolymers are able to withstand temperatures up to 470°C. The dielectric permittivity of diBCB-DMS and divinylbenzene copolymers
in a molar ratio of 1 : 1 was 2.6. The values of the loss tangent at 1 and 10 GHz of copolymers in a molar ratio of 1 : 1 were 4.0-107* and
5.6-107*, respectively.

Conclusion. Analysis of the obtained results shows that the samples of the diBCB-DMS homopolymer have the same dielectric
characteristics as the samples based on diBCB-DMS and divinylbenzene, therefore, the introduction of divinylbenzene into the polymer
structure does not worsen the dielectric parameters and such polimer materials can be used at high temperatures.
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HAYYHAA CTATbA

CuHTEe3 cononumepoB Ha OCHOBE ANBUHUIOEeH30n1a
N AMOEeH30UuUNKNooyTUNAMMeTU/ICuNaHa
M nccnepoBaHue nx GyHKLUMOHaNbHbIX XapaKTepucTuk
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Y MIP3A4 — Poccuiickuii mexuonoeuyeckuii ynusepcumenm (Mucmumym moHKux XumMudeckux mexmono2uii

um. M. B. Jlomonocosa), 119571 Poccus

2 [Jenmpanvuutii HayuHo-uccredo8amenbckuii mexnonoaudeckuti uncmumym « Texuomaury, 121108 Poccus

™ 4emop onsa nepenucku, e-mail: anilovand@mail.ru

AHHOTaUuus

mm 4.0-107 1 5.6:10™* coOTBETCTBEHHO.

COKHX TeMIepaTypax.

KnioueBblie cnoBa

JIMDJICKTPUYECKas IPOHUILIAEMOCTb, TAHTEHC yTJia IoTeph, TTA,

Ana unTUpoBaHua

OCH30IUKIO0YTCH, AUBUHUIOCH30II, THOCH30IHUKIOO0Y THITUMETHIICHIIAH,

Marepuabl 1Jisd 2JIEKTPOHUKH, erMHHﬁOpFaHH'-leCKHe IOJIUMEPBI

HCJ]I/I. COSZ[&HI/IG HOBBIX IOJUMEPHBIX MATC€pHaJIOB HAa OCHOBE erMHHﬁOpFaHPI‘{CCKHX MIPOM3BOAHBIX 66H3OHI/IKJ'IO6yTeHa " U3y4CHUC
BO3MOXHOCTHU UX UCIIOJIB30BAHUSA B KAUC€CTBEC U3OJIUPYIOIUX JUIICKTPUICCKUX CIIOCB B yCTpOﬁCTBaX MUKPO- 1 CBI‘I-BJICKTPOHI/IKI/I.

Metoasl. CunTe3 MoHOMepa mubenzonukooyTmwinumermicuiana (diBCB-DMS) npoBonuics u3 4-6poMOeH30IMKIO0yTEHA Yepe3
cTaauio moay4yeHus peaktusa [puabspa. Cononumeps! Ha ocHoBe AuBHHMIOCH3051a 1 diBCB-DMS nomyuanu TepMonoanMepu3aniei.
HccnenoBaHue CBOMCTB M CTPOCHHUE MOIYYEHHBIX COMOINMEPOB MPOBOIHIOCH C HOMOIIBIO TEPMOIPABUMETPUYECKOTO aHAIN3a, HH(pa-
KPACHOI1 CIIEKTPOCKOIIHH, SEPHOT0 MarHUTHOTO pe3oHaHca (SIMP), Macc-CrieKTpOCKOIIHH, a TaKyKe METOJ[AMH BBICOKOYACTOTHBIX H3Me-
PEHHMIl BOJIBT-aMIEPHBIX XapaKTEPUCTHK H 00BbEMHOIO Pe30HATOPA.

Pe3yabrarsl. CunTE3npOBaH AMOSH30LUKIOOY THIIUMETHICHIAH ¢ BBIXoZoM 81.5%, cocTaB M CTpOEHHE KOTOPOTO MOATBEPHKIECHBI
¢ momompio 'H u 13C SIMP-cniexrpockonuu. JlusnexTprudeckas mpoHunaeMocts romononumepa diBCB-DMS cocrasuma ~2.6. Tau-
TeHc yria IueKTpudeckux noteps npu 1 T romononnmepa diBCB-DMS pasen 2.3-1074. Tanrenc yria QuaNeKTPHYECKHX TOTEPh
npu 10 I'Tr romononumepa diBCB-DMS pasen 2.6-107%. UccnenoBanue comonmuMepos nuBnamiGensona u diBCB-DMS B pasnom
MOJIBHOM COOTHOLIEHHH HA TEPMOTPAaBUMETPHYECKOM aHAIM3aTOPE MOKA3aJI0, YTO COMOIUMEPBI CIIOCOOHBI BBIICPIKUBATD TEMIIEPATYPY
110 470°C. [Iuanextpudeckas npoHuaeMocts cononumepos diBCB-DMS u nuBnHMIOeH301a B MOIBHOM COOTHOIIEHUH 1 @ 1 cocTaBu-
na 2.6. 3HayeHus TaHreHca ymia quanekrpudeckux noreps npu 1 I'Tnu 10 I'T'n comonumepoB B MOIBHOM cOOTHOIIEHMH 1 @ 1 cocTaBu-

BoIBonbI. AHaNU3 TOMYYEHHBIX PE3y/IbTaToOB MOKa3bIBaeT, 4yTo 00Opasipl romonoinmepa diBCB-DMS umeloT Takue ke AndIeKTpH-
YEeCKHE XapaKTePUCTHKH, Kak ¥ o0pasipl Ha ocHoBe diBCB-DMS u muBMHMIOCH30Ma, CICI0BATEIbHO, BBEACHUE TUBHHUIOCH30IIA
B CTPYKTYpY HOJHMMepa He yXy[IlaeT JUIICKTPUUECKUe I0Ka3aTesn, U TaKue MOJMMEpHbIe MaTepraibl MOXKHO UCIIOIb30BaTh PU BbI-

MocTtynuna: 16.02.2023
Oopa6oTaHa: 15.06.2023
MpuHata B neyatb: 24.01.2024

Jlobanosa A.B., Jleruenko K.C., Anamor ['E., llImenun I1.C., I'pebennuxor E.IT., Kupuiun A.Jl. CuHTe3 cOnoimmepoB Ha OCHOBE
JMUBHHWIOCH30JIa U TUOCH30IMKIOOY THIIIMMETHUIICHIIAaHA ¥ UCCIICOBAaHHE MX (DYHKIMOHAIBHBIX XapaKTEPUCTUK. TOHKUE XUMUYECKue
mexnonoeuu. 2024;19(1):52—60. https://doi.org/10.32362/2410-6593-2024-19-1-52-60

INTRODUCTION

The high level of interest in the creation of new
polymer materials based on organosilicon derivatives
of benzocyclobutene is due to the following reasons:
its low dielectric constant (2.65); high breakdown
voltage (5.3 MV/cm); high thermal stability (about
470°C); low moisture absorption; and good mechanical
properties. These properties enable benzocyclobutene-
based materials to be used as insulating dielectric
layers, in order to create electronic and electro-optical

components, including OLED devices [1], polymer
waveguides [2], and others. Furthermore, micro- and
microwave electronic devices, volumetric integrated
circuits [3], bandpass filters [4], as well as devices using
MEMS-on-CMOS technology [5] are manufactured on
their basis. These devices are widely used in the military
and space industries. The demand for such materials
is increasing every year. Therefore, the development
of and research into new polymer materials based on
benzocyclobutene are still relevant to this day.
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The synthesis of monomers of organosilicon
derivatives of benzocyclobutene was carried out by
several methods: the Heck reaction [6-8]; the Pierce—
Rubinstein reaction [9—11]; hydrosilylation with the
addition of a Karsted catalyst [12]; and through the
stage of obtaining the Grignard reagent [13, 14].
The most convenient of these methods in laboratory
conditions is synthesis through the stage of obtaining
the Grignard reagent, since this does not require
the use of expensive catalysts. For this reason, the
dibenzocyclobutyldimethylsilane (diBCB-DMS) monomer
was synthesized using the Grignard reagent in this
study.

The objective of this study was to create new
polymer materials based on organosilicon derivatives
of benzocyclobutene and to examine the possibility of
their use as insulating dielectric layers in micro- and
microwave electronics devices.

EXPERIMENTAL

The diBCB-DMS monomer was synthesized according to
the method described in [15]. All reagents were purchased
from Sigma-Aldrich (USA). Dimethyldichlorosilane was
purchased from abcr GmbH (Karlsruhe, Germany).

The synthesis of diBCB-DMS was carried out in two
stages (Fig. 1).

In order to obtain the Grignard reagent, 4-brom
obenzocyclobutene (0.9 mol) was added dropwise

Br 1. THF BrMg

_—

1 2

with vigorous stirring to a flask containing freshly
distilled dry tetrahydrofuran (800 mL) and a mixture
of magnesium powder (0.9 mol) and iodine (0.04 mol).
The rate was such that the reaction temperature the
mixture did not exceed 40°C. The resulting mixture
was stirred for another 2 h at this temperature, and
then the flask was placed in an ice bath and cooled to
0°C. After cooling the mixture, dimethyldichlorosilane
(0.45 mol) was added dropwise at such a rate that the
temperature of the reaction mixture did not exceed
10°C. The ice bath was then removed and the mixture
was left at room temperature (20°C) overnight. The next
day the mixture was diluted with hexane (100 mL).
The resulting precipitate was filtered using a column
filled with silica gel and washed with several portions
of hexane. The filtrate was concentrated on a rotary
evaporator. The remaining product was purified by
means of vacuum distillation. All the reaction mixtures
were analyzed by thin layer chromatography on Merck
Silica gel 60 F254 UV-254 plates (Merck, Germany).
The composition and structure of the resulting
compound was confirmed by nuclear magnetic
resonance (NMR) spectroscopy and infrared (IR)
spectroscopy.

Figure 2 shows the first scheme for obtaining
copolymers. According to this scheme, samples were
prepared to study thermal stability with different molar
ratios. The composition of the mixture was changed by
adding diBCB-DMS, starting from 5 to 25 mol %.

\
Si
s 0 s@ih@s
—
3.1

‘ Fig. 1. Dibenzocyclobutyldimethylsilane (diBCB-DMS) synthesis scheme [15]

]
spghesi

~ g0,

7

—_—

/

Fig. 2. Scheme for obtaining diBCB-DMS and divinylbenzene copolymers
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In order to prepare samples, the mixture was placed
in a crucible in an argon atmosphere. The crucibles were
placed in an oven at 160-165°C for 30 min. Then the
final heat treatment of the samples was carried out at
a temperature of 250°C for 4 h.

Figure 3 shows the second production scheme. The
addition of an inhibitor into the reaction is due to the fact
that the different polymerization temperatures (220°C
for diBCB-DMS and 80°C for divinylbenzene) make it
difficult to obtain samples. Therefore, an inhibitor was
used: 2-methylhydroquinone in an amount of 5% by
weight of divinylbenzene.

In order to measure the dielectric constant and loss
tangent, samples of 100% diBCB-DMS and a copolymer
of diBCB-DMS and divinylbenzene in a 1:1 ratio
were prepared using thermal polymerization. Samples
of 5 x 5 c¢cm in size and a thickness of about 2 mm
were obtained. The samples were created using Teflon
equipment specially made for this purpose.

Thermal polymerization of 100% diBCB-DMS was
carried out in two steps. In the first stage, curing was
carried out in a Teflon assembly, filled with ~6 mL of
pure diBCB-DMS using a dispenser. The assembly was
placed in an OFA-54-8 thermostat (Esco, Singapore) at
a temperature of 160°C for 5 h, then at 220°C for 1.5 h.
At the second stage, the sample was subjected to final
heat treatment at a temperature of 250°C for 4 h.

A copolymer of diBCB-DMS and divinylbenzene
was prepared in a similar manner. The reaction mixture
consisting of diBCB-DMS (4.6 g), divinylbenzene (2.3 g)
and 2-methylhydroquinone (0.115 g) was cured
in two stages. Primary curing was carried out in
a Teflon assembly, filled with >7 mL of a reaction
mixture containing components in a given ratio using
a dispenser. The assembly was placed in a Binder
FD240 thermostat (Binder, Tuttlingen, Germany), at
temperatures of 140°C for 1 h, 160°C for 2 h, 180°C for

]
spghesi

g0,

1 h, 200°C for 1 h, and 220°C for 1 h. At the second
stage, the sample was subjected to the final stage of heat
treatment at a temperature of 250°C for 4 h.

Studies of the structure and functional properties
of the diBCB-DMS homopolymer and copolymers of
diBCB-DMS and divinylbenzene were carried out using the
following methods: NMR spectroscopy; Fourier-transform
IR spectroscopy; thermogravimetric analysis (TGA); high-
frequency current-voltage measurement method (at 1 GHz);
and a cavity resonator for measurements at 10 GHz.

DiBCB-DMS NMR spectra were recorded using
a Bruker AM-300 spectrometer (Bruker Corporation,
USA) in CDCl,. Mass spectra were obtained on a Varian
MAT CH-6 instrument (Varian, USA) using a direct
input system. The ionization energy was 70 eV, and the
acceleration voltage was 1.75 kV.

In order to obtain IR spectra of materials, an
FSM2201 IR Fourier spectrometer (/nfraspec, Russia)
was used. To study polymer samples, they were first
ground into powder, then KBr was added and the powder
pressed into a tablet. The measurements were carried out
in the range of 4004000 cm™.

The thermal stability of the copolymer samples
was measured by simultaneous TGA using a Shimadzu
DTG-60 instrument (Shimadzu Corporation, Kyoto,
Japan) in dynamic mode in the range of 20—-700°C with
heating rate of 10°C/min. The measurements were carried
out in an argon/air flow at a rate of 50/100 mL/min.

The samples were studied by methods of
high-frequency measurements of current-voltage
characteristics and a cavity resonator consisting of an
Agilent E4991A RF material properties and impedance
analyzer. This enabled the dielectric characteristics
to be measured at 1 GHz. The Agilent PNA E8361C
network analyzer + 85072A 10-GHz cylindrical split
resonator (Agilent Technologies, Santa Clara, California,
USA), enabled dielectric measurements at 10 GHz.

H,C
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V4

m

Fig. 3. Scheme for the production of diBCB-DMS and divinylbenzene in the presence of 2-methylhydroquinone
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RESULTS AND DISCUSSION

As a result of synthesizing diBCB-DMS through the
stage of obtaining the Grignard reagent, the product
yield was 95.12 g (81.5%). The compound is a colorless
liquid which hardens easily in the refrigerator. '"H NMR
spectrum (300 MHz, CDCl;, 6, ppm): 7.62 (d,
J =173 Hz, 2H), 7.47 (s, 2H), 7.28 (d, J = 7.3 Hz,
2H), 3.40 (s, J = 3.4 Hz, 8H), 0.76 (s, 6H). 13C NMR
spectrum (76 MHz, CDCls, 3, ppm): 147.30, 145.75,
136.85, 132.73, 128.16, 122.13, 30.14, 30.01, —1.67.
Mass spectrum, found: 265.1414; calculated: 265.1407.
Figure 4 shows the IR spectrum of diBCB-DMS. The
band at 1463 cm™! is characteristic of the CH, group
of cyclobutene. The band at 1255 cm™! indicates the
presence of a Si-CH; bond in the monomer. The band at
1107 cm™! is characteristic of the Si-C4H; bond. Thus,
IR spectroscopy data makes it possible to confirm the
structure of the synthesized diBCB-DMS monomer.

Wavenumber, cm ™!
2000 1800 1600 1400 1200 1000 800 600

1107
1255

1463

— diBCB-DMS

| Fig. 4. IR spectrum of diBCB-DMS

Copolymers of diBCB-DMS and divinylbenzene
prepared using the first method in different molar ratios
were studied by means of TGA. The results of the study
are presented in Fig. 5 and in Table 1. Figure 5 shows
that polymer samples can withstand temperatures up to
470°C before thermal decomposition.
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Fig. 5. Curves of polymerized samples with ratios from 5
to 25 mol % diBCB-DMS obtained by the TGA method

Table 1. The initial decomposition temperature of the samples

Ratio of components in the sample Decomposm(;n
temperature, °C
5% diBCB-DMS
and 95% divinylbenzene 4749
10% diBCB-DMS 4707
and 90% divinylbenzene ’
15% diBCB-DMS 478 4
and 85% divinylbenzene ’
20% diBCB-DMS 4777
and 80% divinylbenzene '
% di -
25% dlBCB .DMS 480 4
and 75% divinylbenzene

A sample was obtained as a result of thermal
polymerization of the 100% poly-diBCB-DMS
monomer. A photograph is shown in Fig. 6. The sample
was solid, transparent and had a yellowish tint. After
secondary heat treatment, the appearance of the sample
did not change.

JPay

Fig. 6. 100% diBCB-DMS sample after primary heat
treatment: 160°C — 5 h, 220°C — 1.5h

In the IR spectrum of diBCB-DMS (Fig. 7),
a shift of the band 1463 cm™ to 1490 cm™' was
observed. This characterizes the process of
polymerization of the cyclobutene fragment [4+2]-
or [4+4]-cycloaddition (Diels—Alder reaction), with the
formation of a six- or eight-membered ring, respectively,
containing methylene groups [17].

As a result of copolymerization of diBCB-DMS
and divinylbenzene in the presence of an inhibitor
in a 1:1 molar ratio, a solid, transparent sample with
a yellowish tint was obtained (Figs. 8a and 8b). After
the second stage of preparation, the sample retained its
shape and remained transparent.

The IR spectrum of the resulting copolymer (Fig. 9)
showed that during copolymerization, the band at
1630 cm™!, characteristic for C=C vibrations in
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Wavenumber, cm™!

2000 1800 1600 1400 1200 1000 800 600

1490+

1463

— diBCB-DMS (monomer) — diBCB-DMS (polymer)

Fig. 7. IR spectrum of diBCB-DMS polymer

(2)

Fig. 8. Photograph of a sample of a diBCB-DMS and
divinylbenzene mixture in a molar ratio of 1 : 1. (a) After
primary heat treatment at temperature modes: 140°C — 1 h,
160°C — 2 h, 180°C — 1 h, 200°C — 1 h, and 220°C —

1 h; (b) after secondary temperature treatment at 250°C

divinylbenzene, decreases. The band at 985 cm!,
characteristic of the bond of the aromatic ring with
the vinyl group in divinylbenzene, also decreases. The
band at 1463 cm™!, characteristic of the CH, group of
cyclobutene, shifts to 1490 cm™!. The presence of changes
and the formation of new bands indicates that cyclobutene
opens, forming reactive double bonds (Fig. 10). These

bonds enter into a [4+2] cycloaddition reaction with vinyl
moieties of divinylbenzene. As a result, a copolymer
based on diBCB-DMS and divinylbenzene is formed.

Wavenumber, cm ™!

2000 1800 1600 1400 1200

1000

800

— Copolymer with the 1 : 1 composition
Divinylbenzene (monomer)
— diBCB-DMS (monomer)

Fig. 9. IR spectrum of diBCB-DMS copolymer and
divinylbenzene

| Fig. 10. Process of cyclobutene disclosure in benzocyclobutene

The dielectric characteristics of the samples of
100% diBCB-DMS thus obtained and copolymers
of diBCB-DMS and divinylbenzene in a molar ratio
of 1:1 are presented in Table 2. It can be seen that
polymer samples made from a mixture of diBCB-DMS
and divinylbenzene monomers in a 1:1 molar ratio
have a similar dielectric constant and loss tangent
when compared to a sample from 100% diBCB-DMS
monomer. When divinylbenzene is added to the samples,
the dielectric characteristics do not deteriorate. The alues
obtained at 1 GHz and 10 GHz remain almost unchanged,
allowing the material to be used at higher frequencies.

Table 2. Dielectric characteristics of a 100% diBCB-DMS monomer and a mixture of diBCB-DMS monomers and divinylbenzene

Dielectric Dielectric
e Loss tangent . Loss tangent
Sample Permittivity t1GH permittivity 10 GH

at 1 GHz, ¢ a Z 0 at 10 GHz, ¢ & Z @
Sample of 100% diBCB-DMS before thermal polymerization 2.653 4410 2.730 4410
Sample of 100% diBCB-DMS after thermal polymerization 2.671 23-10* 2.711 261074
5cm x 5 cm sample from a monomer mixture before thermal 2605 381074 2674 70-1073
polymerization
5cm x 5 cm sample from a monomer mixture after thermal 2619 40104 2616 56104
polymerization

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(1):52-60 57



Synthesis of copolymers based on divinylbenzene and dibenzocyclobutyldimethylsilane

and a study of their functional characteristics

Anna V. Lobanova,
etal.

CONCLUSIONS

The study shows that, based on organosilicon derivatives
of benzocyclobutene, it is possible to obtain polymer
materials and use them as insulating dielectric layers in
micro- and microwave electronics devices. New thermal
polymerizable materials based on diBCB-DMS and
divinylbenzene in different molar ratios were obtained
for the first time and their functional characteristics were
studied. Thus, diBCB-DMS was obtained by a two-
stage synthesis method with a yield of 81.5%. Also, the
possibility of obtaining copolymers of divinylbenzene
and diBCB-DMS was studied. DiBCB-DMS copolymers
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Abstract

Objectives. To develop methods for the synthesis of substituted derivatives of the octahydrotriborate anion. Such compounds can
be considered as hydrogen storage, components of ionic liquids, precursors for the production of boride coatings using the traditional
chemical vapor deposition method, and also as a building material for the production of higher boron hydrogen clusters.

Methods. Since substitution reactions are sensitive to moisture and atmospheric oxygen, the syntheses were carried out in a direct flow
of argon or in a dry, sealed SPEKS GB02M glove box with a double gas purification unit and two airlocks. The reaction was initiated
by cooling to 0°C, in order to avoid the formation of by-products. All the results were characterized using infrared (IR) and nuclear
magnetic resonance (NMR) spectroscopies.

Results. The study presents a detailed study of the known methods for preparing substituted derivatives of the octahydrotriborate(1-)
anion using dry hydrogen chloride as an electrophilic inductor and makes recommendations for improvement. In this method it is
advisable to use cesium octahydrotriborate which facilitates the yield of the target product. New methods were proposed to initiate the
substitution reaction in the [B;H] -anion using N-chlorosuccinimide and bromine. Using these inductors, new substituted derivatives
of the octahydrotriborate anion with N-nucleophiles were obtained and defined by means of IR and NMR spectroscopies: [B;H,NCR],
(R = Et, i-Pr, Ph) and [B;H,NH,R], (R = C4H,4 (INA), Bn), [B;H,NHE,], as well as Bu,N[B;H,Hal], Bu,N[B;H/Hal,], where
Hal = Cl, Br. It was also established that hydrogen bromide is released during the reaction with bromine and amines. This immediately
protonates the amine which requires additional heating of the reaction mixture. The study also established that the reaction mechanism
with N-chlorosuccinimide is not radical.

Conclusions. The main factors influencing the course of the substitution reaction are the possible occurrence of side interactions between
the nucleophile and the inducer, steric possibilities, and subsequent isolation of the reactive reaction products.
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AHHOTaUuS

IMesn. PazpaboTka METOOB CHHTE3a 3aMEILEHHBIX POM3BOIHBIX OKTAIHAPOTPHOOPATHOTO aHHOHA, TIOTEHIINAIBHO PACCMATPUBACMBIX
B KaueCTBE XUMHUYECKUX aKKyMYJSATOPOB BOJIOPO/A, KOMIIOHEHTOB HOHHBIX KHIKOCTEH, MPEKYPCOPOB JUIsl MOIy4eHHUs: OOPHIHBIX IO~
KPBITHH ¢ yHUKAIbHBIME cBoiicTBamu MetomoM Chemical Vapor Deposition (CDV), a Taxke B KauecTBe «CTPOUTEIHHOTO MaTepHaay
JUISE TIOJyYEHHs! BBICIIIMX OOPOBOIOPOAHBIX KIACTEPOB.

Mertoabl. BButy 4yBCTBUTEIBHOCTH PEaKLil 3aMEIICHHS K BJIare W KMCIOPOLY BO3JyXa, CHHTE3bl HPOBOJMIN B HOCTOSIHHOM TOKE
aproHa wim B cyxoM repmerudHoM nepyarounoMm 6okce CITIEKC I'b02M ¢ 6:10xoM JBOHHOI ra3004MCTKU M IBYMs UTI03aMu. VHUIN-
HMPOBAHUE PEaKIUHU MPOBOAWIH IpH oxnaxaeHuu 10 0°C Bo nzbexanne oOpa3oBaHUs MOOOYHBIX MPOMYKTOB. Bee pesynbrarsl ObUTH
0XapaKTEepPU30BaHBI C MOMOLIBbI0 HHPpakpaBHOH (MK) ceKTpockomiy 1 CIIEKTPOCKOIIUH SICPHOTO MArHUTHOTO pe3oHaHca (SIPM).

Pesyabrarbl. [TonpoOHO HM3y4YeHBI M yCOBEPIICHCTBOBAHBI M3BECTHBIE METOIMKH MONYYCHHs 3aMEIICHHBIX MPOU3BOAHBIX OKTa-
ruapoTprdopaTHoro (1—) aHnoOHa ¢ CHOIB30BAHUEM CYXOTO XJIOPOBOIOPO/A B Ka4eCTBE 3IEKTPOPMIBHOTO HHAYKTOpA. YCTaHOBIIEHO,
YTO B JAHHOM METO/IC 11e1eCO00pa3HO UCIONIB30BaTh OKTArUAPOTPUOOPAT LE3H s, UTO MO3BOJISIET OOJIETYUTh BBIXO] [[EJICBOTO MPOAYKTA.
[IpennoxeHsl HOBbIE CIOCOObI MHULMMPOBAHUS PEAKIUU 3aMelleHus B aHuoHe [B;Hg]™ ¢ momonisio N-xmopeykiunuMuia u 6poma.
C MOMOIIIBIO ATUX MHIYKTOPOB TOJy4eHbI U oxapakrepu3oBansl MeTogamu UK u IMP-criekTpocKoniy HOBbIE 3aMeNIeHHbIE TIPOM3BO/I-
HbIE OKTaruapoTpudoparHoro anuona ¢ N-nykneopunamu: [B;H,NCR], (R = Et, i-Pr, Ph) u [B;H,NH,R], (R = C4H,4 (INA), Bn),
[B;H,NHE,], a Taxsxe Bu,N[B;H,Hal], Bu,N[B;HHal,], rne Hal = CI, Br. YcTanoBneHo, 4To B Xo1€ peakiuu ¢ 6poMOM ¥ aMHHAMH
MIPOUCXOUT BbIACICHHE OPOMOBOIOPO/A, KOTOPBIH cpa3y MPOTOHUPYET aMHH, 4TO TPeOyeT JOIMOIHUTEIBHOrO HarpeBa PeakinOHHOM
cmecu. Taroke B Xoae paboThl YCTaHOBICHO, YTO MEXaHU3M PeakiHu ¢ N-XJIOPCYKIIMHIMHU/IOM HE SIBISIETCS PaAnKaIbHBIM.

BI)IBOZII)I. yCOBepHJeHCTBOBaHBI 1 CUCTEMATU3UPOBAHBI U3BECTHBIC METOAUKHU IMOJYUYCHUA 3aMCIICHHBIX ITPOU3BOAHBIX OKTaruApoOTpu-
60paTHOFO aHHuoHa. YCTaHOBHeHO, YTO OCHOBHBIMU (baKTOpaMI/I, BJIMAOIIMMHA Ha X0 pC€aKUU 3aMEIICHUS, SIBJIAOTCSA BO3SMOXKHOE IIPO-
TeKaHHE MOOOYHBIX B3aPIMOI[eﬁCTBPII>i MEXAY HyKJ’IeO(bI/IJ'[OM U UHAYKTOPOM, CTEPUYECKHUE BOSMOKHOCTH, MOCIICAYIOIIas U301 peaK-

KnioueBbie cnoBa

HyKJICO(HIbHOE 3aMEIeHUEe, CYKIIHHUMUL, FaJIOreHBI

Anga uMTMpOBaHUNA

60p, 60POBOAOPOIBI, OKTArHAPOTPHOOPaTHBI (1—) aHMOH, KUCIOTHI JIbIOHCa,

I_[I/IOHHOCHOCOGHBIX MPOAYKTOB pCaKIUu. B 3aBucumocTtu ot HyKJ'[eOd)I/IJ'Ia BBI60p METoaa U yCJ'[OBHﬁ MOYKET OBITh OrpaHUYECH.
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INTRODUCTION

Substituted derivatives of octahydrotriborate anion
act as promising components for chemical hydrogen
accumulators [1-3]. They are also precursors for
obtaining boride coatings with unique properties [4—6],
and play the role of components for obtaining derivatives
of higher borohydrates, ionic liquids and liquid
crystals [7]. Due to the difficulty of their preparation, the
applications of these compounds are still poorly studied.

The preparation of substituted derivatives of
the [B;Hg]™ anion is based on methods using cleavage
of the boron backbone of larger clusters, for example,
by symmetric cleavage of tetraborane-10 [8]. However,
interaction with certain nucleophiles does not lead to
substitution, but provokes destruction of the boron
backbone [9].

With the development of new and efficient methods
for the synthesis of [B;Hg]™[10, 11] anion, its substituted
derivatives and the methods of their preparation based on
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its direct interaction with nucleophiles are of increasing
interest. The presence of an aromatic structure allows
the octahydrotriborate anion to enter into reactions
of electrophile-induced nucleophilic substitution of
the hydrogen atom. They are similar to the higher
cluster anions [12, 13], where various Lewis acids act
as electrophilic inductor [14—16]. The preparation of
substituted derivatives by the methods described above
is a complex multifactorial process with a number of side
reactions. As a result, the yield of the target product can
be significantly reduced.

It has been shown that the interaction of [B;Hg]™
anion with metal halides in the presence of nucleophiles
leads to the formation of a large variety of substituted
products [14, 17]. By means of nuclear magnetic
resonance (NMR) spectroscopy, it has been found that
the reaction proceeds through the stage of formation of
the transition complex [B;H,~H-MHal ]". The rate of
transformation of this complex is significantly affected by
the nature of the Lewis acid. At the same time, the use
of metal salts as inductors can significantly complicate
the composition of the reaction mixture, complicating the
purification of the target products. On the other hand, the
use of gaseous hydrogen chloride in the preparation of
substituted derivatives is of particular interest due to the
almost complete absence of impurities, greatly facilitating
the yield ofthe product. (CH,),N[B;H,Cl], [B;H,NCCH,],
[B;H,NCCH;], [B;H,DMF] (DMF = (CH;),NCH)
have already been obtained by this method [18], but this
method also has a number of disadvantages. It requires
a complex multi-component plant with a gas line, as well
as cleaning, drying, and carrying out manipulations with
gaseous hydrogen chloride gas.

The aim of'this study is to improve and systematize the
known methods, and develop new ones for the preparation
of substituted derivatives of the [B;Hy] anion. These include:
halogen-substituted  Bu,N[B;H,Cl], Bu,N[B;H,Br],
Bu,N[B;H,Cl,], Bu,N[B;HBr,]; nitrilium-substituted
[B;H,NCR], (R = CH,, Et, i-Pr, Ph); amine-substituted
derivatives of [B;H,NH,R], (R = CgH,y, Bn),
[B;H,NHEt,], [B3;H,NEt;] by interaction of the
octahydrotriborate(1—) anion with halogens (Br,, I,)
and with N-chlorosuccinimide (NCS). The compounds
[B;H,NCR], (R = Et, i-Pr, Bn), [B;H,NH,R],
(R = CyH 4, Bn) were obtained for the first time using
NCS. The use of NCS as an electrophilic inducer was
proposed for the synthesis of chloro-substituted, nitrilic
and amine-substituted derivatives.

EXPERIMENTAL

Salts of [B;Hg]™ anion were prepared according to
the known method [10] by mild oxidation of sodium
borohydride with benzyl chloride. Benzonitrile (99%,
Panreac Sintesis, Spain), NCS (98%, Sigma-Aldrich,
USA), bromine (98%, Sigma-Aldrich, USA),

isononylamine (INA) (98%, Sigma-Aldrich, USA),
benzylamine (99%, Panreac Sintesis, Spain), sulfuric
acid (95%, Chimmed, Russia), NaCl (99%, Ruschim,
Russia) were used without further purification.

Dichloromethane, acetonitrile, toluene, and
petroleum ether were shaken with CaCl, and distilled
over calcium hydride. The solvents were stored in a dark
container over molecular sieves (4 A) at =~5°C.

Tetrahydrofuran, diethyl ether was passed through
activated aluminum oxide and stored over molecular
sieves (4 A) at =5°C.

Triethylamine and diethylamine were purified by
shaking with KOH until the darkening of potassium
hydroxide stopped, then distilled at atmospheric pressure.

1B and 'H NMR spectra of solutions of the substances
obtained in dichloromethane, deuterodichloromethane,
tetrahydrofuran, toluene, and deuteroacetonitrile were
recorded on an Avance [I-300 NMR spectrometer (Bruker,
Germany) at 96.32 MHz and 300.21 MHz, respectively,
with internal deuterium stabilization. Tetramethylsilane
and BF, OEt, were used as external standards.

The infrared (IR) spectra of the compounds
were recorded on an INFRALUM FT-02 IR Fourier
spectrometer (Lumex, Russia) in the range 4000—400 cm™!
with a resolution of 1 cm™!. Samples were prepared in
the form of tablets pressed with KBr (Sigma-Aldrich,
USA).

Elemental analysis for carbon, hydrogen and nitrogen
was carried out on an automatic analyzer CHNS-3
FA 1108 Elemental Analyser (Carlo Erba Reagents GmbH,
Germany).

Reactions requiring the absence of moisture
and air were carried out in a sealed box model
SPECS GBO02M (Spectroscopic Systems, Russia) with
a double gas purification unit and two airlocks.

Synthesis of Bu,N[B;H,ClI]

Bu,N[B;Hg] (100 mg, 0.35 mmol) was placed in a 25-mL
flask and dissolved in 5 mL of dichloromethane.
The mixture was cooled to —50°C and NCS (47 mg,
0.35 mmol) dissolved in 5 mL of dichloromethane
was slowly added. The resulting succinimide was
precipitated by addition of diethyl ether. The mixture
was filtered off from the precipitate, the filtrate was
evaporated at a rotary evaporator. |'B NMR (CD,Cl,,
298 K, 96.32 MHz), §, ppm: —16 (s, 2B), =22 (s, 1B). 'H
NMR (CD,Cl,, 298 K, 300 MHz), 6, ppm: 3.05 (m, 8H,
Buy,N), 1.57 (m, 8H, Bu,N), 1.31 (m, 8H, Bu,N), 0.93 (t,
12H, Bu,N), 0.9-0.7 (broad, 7H, HB). IR (KBr), cm™!:
v(BH): 2520, 2448, 2338, v(BCl): 850.

Synthesis of Bu,N[B;HCl,]

Bu,N[B;H,] (100 mg, 0.35 mmol) was placed in a 25-mL
flask and dissolved in 5 mL of dichloromethane.
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The mixture was cooled to —50°C and NCS (93.1 mg,
0.70 mmol) dissolved in 5 mL of dichloromethane
was slowly added. The resulting succinimide was
precipitated by addition of diethyl ether. The mixture was
filtered from the precipitate; the filtrate was evaporated
at a rotary evaporator. ''B NMR (CD,Cl,, 298 K,
96.32 MHz), &, ppm: —5 (s, broad, 1B), —13 (s, 2B); 'H
NMR (CD,Cl,, 298 K, 300 MHz), §, ppm: 3.05 (m, 8H,
Bu,N), 1.57 (m, 8H, Bu,N), 1.31 (m, 8H, Bu,N), 0.93 (t,
12H, BuyN), 0.9-0.7 (broad, 6H, HB). IR (KBr), cm™:
v(BH): 2517, 2458, 2336, v(BCI): 811.

Synthesis of [B;H,NCCH,]

Method 1. Cs[B;H,] (100 mg, 0.57 mmol) was placed
in a 10-mL flask and dissolved in 100 pL of acetonitrile.
Then 2 mL of toluene was added. The mixture was
cooled to —50°C and NCS (75 mg, 0.57 mmol)
dissolved in 100 pL of acetonitrile was slowly added.
The mixture was stirred for 1 h. Then the precipitate
was filtered off and the acetonitrile was distilled off at
a rotary evaporator. The filtrate was left in the freezer
at 7'= —5°C for three days until the crystallization of
succinimide was complete. The crystals were filtered
off. Then the solution was evaporated to a concentrated
solution and [B;H,NCCH,] was precipitated with
petroleum ether. "B NMR (CH4CN, 298 K, 96.32 MHz),
8, ppm: 7.6 (2B), —35.2 (1B); 'H (CD,Cl,, 298 K,
300 MHz), 6, ppm: 2.43 (¢, 3H, CH,), 1.68 (broad, 7H,
HB). IR (KBr), cm™!: v(BH): 2516, 2446, 2372, 2340.
Calculated/found, %: C (29.83/29.87), H (12.51/12.56),
N (17.31/17.29), B (40.27/40.21).

Method 2. Synthesis was conducted using the new
method and setup shown in Fig. 1. One gram of sodium
chloride was added to the first 250-mL flask, and 1 mL
of 95% sulfuric acid was added to a drop funnel with

Fig. 1. Scheme of the setup for the synthesis of [ByH,NCCH,]:
(1) bubbler with glycerin;

(2) two-necked flask 250 mL;

(3) dropping funnel with pressure compensator;

(4) Teflon tube with calcium chloride;

(5) three-necked flask 250 mL;

(6) empty trap;

(7) trap with Et;N

a pressure compensator. A Teflon tube filled with calcium
chloride was incorporated for drying and additional
purification. The dehydrated gaseous HCI flowed into
a three-necked 250-mL flask through a bubbler. The
three-necked flask was necessary for gradual sampling.
20 mL of CH;CN and 0.5 g of dissolved Cs[B;Hg] were
pre-poured into the flask. The interaction was carried out
under conditions of slight cooling in an ice bath. The
system was equipped with a glycerol bubbler to control
the argon flow and two traps, one of which was empty
and other contained Et;N. It should be noted that Teflon
hoses were used when working with gaseous HCI. The
flasks were equipped with magnetic stirrers.

Synthesis of [B;H,NCPh]

Cs[B;Hg](100mg, 0.57mmol) wasplacedina25-mL flask
and 5 mL of toluene was added. Benzonitrile (58.8 pL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS (75 mg, 0.57 mmol)
dissolved in 1 mL of dichloromethane was added. The
mixture was stirred under refrigeration for 1 h. The
precipitate was filtered off and left in the refrigerator
for three days until the crystallization of succinimide
was completed. The crystals were filtered off, the
solution was evaporated to a concentrated solution
and [B;H,NCBn] was precipitated with petroleum
ether. "B NMR (PhCH,, 298 K, 96.32 MHz), 8, ppm:
—6.9 (2B), —35.0 (1B).

Synthesis of [BgH,NHE,]

Cs[B;Hg](100mg,0.57 mmol) wasplacedina25-mLflask
and 5 mL of toluene was added. Diethylamine (58.7 pL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS (75 mg, 0.57 mmol)
dissolved in 1 mL dichloromethane was added. The
mixture was stirred under cooling for 1 h. Then the
precipitate was filtered off, kept in the refrigerator for
three days, and evaporated under deep vacuum without
heating. ''B NMR (PhCH;, 298 K, 96.32 MHz), §, ppm:
—14 (2B), =26 (1B). IR (thin film), cm™!: v(BH): 2502,
2425, v(BN): 1455. Calculated/found, %: C, 42.65/42.5;
H, 16.11/16.2; N, 12.43/12.4; B, 28.80/28.9.

Synthesis of [B;H,NEt;]

Method 1. Cs[B;Hg] (100 mg, 0.57 mmol) was placed
in a 25-mL flask and 5 mL of toluene was added.
Triethylamine (79.2 pL, 0.57 mmol) was added to
the suspension and the mixture was cooled to —50°C.
Next, NCS (75 mg, 0.57 mmol) dissolved in 1 mL of
dichloromethane was added. The mixture was stirred
under cooling for 1 h. Then the precipitate was filtered
off, kept in the refrigerator for three days, and evaporated
under deep vacuum without heating. ''B{'H} (CD,CL,,
298 K, 96.32 MHz), §, ppm: —19.9 (2B), —22.4 (1B);
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'H (CD,Cl,, 298 K, 300 MHz), §, ppm: 2.9 (m = 4, 6H,
CH,, Jyy = 7.2 Hz), 1.2 (t, 9H, CH;, Jyy = 7.2 Hz),
1.1 (broad, 7H, HB). IR (thin film), cm™': v(BH): 2501,
2448, 2424, v(BN): 1450. Calculated/found, %: C,
51.23/51.4; H, 15.76/15.8; N, 9.96/9.79; B, 23.05/23.0.
Method 2. Bu,N[B;Hg] (500 mg, 1.78 mmol)
dissolved in 10 mL of dichloromethane was placed in
a 50-mL flask, and triethylamine (245 pL, 1.78 mmol)
was added. The mixture was cooled and Br, (91.7 pL,
1.78 mmol) dissolved in 5 mL of dichloromethane
was added. The mixture was slowly warmed to
room temperature (20°C), then the precipitate was
filtered off and [B;H,NEt,] was separated by column
chromatography on silica gel. The elution was carried
out by hexane/dichloromethane mixture in the ratio 1 : 1.

Synthesis of [B;H,NH,Bn]

Cs[B;Hg] (100 mg, 0.57 mmol) was placed in a 25-mL
flask and 5 mL of toluene was added. Benzylamine (62 uL,
0.57 mmol) was added to the suspension and the mixture
was cooled to —50°C. Next, NCS dissolved in 1 mL of
dichloromethane was added. The mixture was stirred
under cooling for 1 h. The precipitate was then filtered
off and evaporated on a vacuum unit without heating. The
filtrate was kept in a freezer at —5°C for three days, the
succinimide was filtered off and evaporated on a vacuum
unit without heating. B (PhCH;, 298 K, 96.32 MHz),
5, ppm: —8.1 (2B), —28.3 (1B); IR (thin film), cm™ !
v(BH): 2502, 2429, 2320, v(BN): 1372. Calculated/
found, %: C, 57.33/57.26; H, 10.99/11.01; N, 9.55/9.53;
B, 22.11/22.09.

Synthesis of [B;H,INA]

Bu,N[B;H,] (500 mg, 1.78 mmol) dissolved in 10 mL
of tetrahydrofuran was placed in a 50-mL flask, and
INA (322 pL, 1.78 mmol) was added. The mixture
was cooled and Br, (91.7 uL, 1.78 mmol) dissolved
in 5 mL of dichloromethane was added. The mixture
was slowly warmed to room temperature (20°C) and
then heated to the boiling point of tetrahydrofuran for
6 h. 'B{'H} (CD,Cl,, 298 K, 96.32 MHz), §, ppm:
—13.0 (2B), —30.1 (1B).

RESULTS AND DISCUSSION

Interaction of Bu,N[B;Hg]
with halogens in dichloromethane

The anion [B;Hg]™ reacts with Br, to form bromo-
substituted derivatives [B;H,Br]™ and [B;HBr,]|". The
reaction was carried out under conditions of cooling by
slowly spiking a solution of Br, in dichloromethane; at
a ratio of Bu,N[B;Hg] : Br, = 2: 1. As a result, several
signals were observed in the "B NMR spectrum (Fig. 2a):
one signal at =31 ppm with a multiplicity of 9 from

the initial octahydrotriborate; and two signals at
—13 and —30 ppm with an integral intensity ratio of 2 : 1,
related to [By;H,Br]™. It can thus be concluded that the
reaction is incomplete. At the same time, the formation
of a presumably dibromo-substituted derivative was
noted in the reaction mixture, as evidenced by the
appearance of two signals at =16 and —22 ppm with an
integral intensity ratio of 1:2. After 24 h, no changes
were observed in the !'B NMR spectrum of the reaction
mixture (Fig. 2b). After addition of another 0.267 mmol
of Br,, a decrease in signal intensity at —31 ppm from
the original octahydrotriborate and an increase in signal
intensity at —13 and —30 ppm from the monobromo-
substituted derivative were observed (Fig. 2c).
Upon subsequent addition of another 0.267 mmol
Br,, the complete disappearance of the signal of the
original [B;Hg]™ and an increase in the intensity of
the signals from the mono- and dibromo-substituted
products were observed (Fig. 2d).

The addition of acetonitrile to the reaction mixture
in the ratio TBA[B;Hg] : CH;,CN = 1:1, a stronger
nucleophile when compared to bromine, leads to the
exchange reaction and the formation of the nitrile mono-
substituted product [B;H,NCCH5;].

The addition of an equivalent amount of bromine
to the mixture of triborate and amine (Et,NH, Et;N,
CoH,(NH, (INA)) in dichloromethane leads to
a substitution reaction to form the corresponding
amine-substituted products [B;H,NHEt,], [B;H,NEt;],
[B;H,INA]. The reaction proceeds incompletely both at
—50°C and at room temperature (20°C). HBr is formed
during the reaction. Most of this is used for the protonation
reaction of the amine which can also act as an inducer of
the substitution reaction. However, this reaction requires
additional heating. According to the method described
in [19], we performed interaction of triborate and
isononylamine in tetrahydrofuran at 7= 66°C. Bu,NBr
which is insoluble under these conditions precipitated.
Carrying out the reaction under the above conditions
allowed the yield of the target product [B;H,INA] to be
significantly increased. However, complete conversion
requires the addition of excess bromine. An attempt to
carry out a similar interaction with benzylamine led to
the formation of only a bromine-substituted derivative,
indicating the stronger nucleophilicity of bromine
compared to benzylamine.

The interaction of octahydrotriborate with iodine did
not lead to the formation of iodine-substituted derivatives.
However, when [B3Hg]™ interacted with triethylamine,
diethylamine and isononylamine in the presence of
iodine, the "B NMR spectra of the reaction mixtures
in all cases showed two signals characteristic of mono-
substituted derivatives with an integral intensity ratio of
2 : 1. From the amine-substituted products they were:
—14 and 26 ppm for [B;H,NHE,]; —=19.9 and —22.4 ppm
for [B;H,NEt;]; —13.0 and —30.1 ppm for [B;H,INA].
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(a)

(b)

(©)

(d)

-6 -8 -10 -12 -14 -16 -18 20 22

Fig. 2. ''B NMR spectra of a mixture of Bu,N[B;H] with Br,:
(a) 1 h after the start of the reaction,

(b) after 24 h,

(¢) after adding 0.267 mmol of Br,,

(d) after adding another 0.267 mmol of Br,

The highest yield was observed with isonononylamine.
In the preparation of substituted derivatives using iodine,
excess iodine in the reaction mixture interacts with the
substituted derivatives of the [B;Hg]™ anion to form
by-products. Column chromatography helps to get rid of
unwanted impurities but reduces the final yield of the
target product.

Interaction of [BjHg]™
with HCI in acetonitrile

Earlier in [18], a method for the preparation of
nitrilium-substituted derivative [B;H,NCCH,] using
dry hydrogen chloride was described. The authors used

24

ppm

-26 28 30 32 -34 36 38 40

tetramethylammonium salt of octahydrotriborate as
a starting substance. The interaction of (Me,N)[B;H]
with HCI in acetonitrile yielded pure acetonitrile-
substituted derivative in solution.

This study used the cesium salt of octahydrotriborate,
resulting in the relatively fast formation of CsCl
precipitate. This simplified the purification and increased
the yield of the target product [B;H,NCCH,].

Synthesis using the tetrabutylammonium salt of
octahydrotriborate in acetonitrile leads to the formation
of a mixture of acetonitrile-substituted derivative and
chlorine-substituted derivative. This can be confirmed
by the appearance in the ''B NMR spectrum of two
pairs of signals with an integral ratio of 2 : 1 at —7.6 and
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—35.2 ppm from [B;H,NCCH,] and at —16 and —22 ppm
from [B;H,CI]". Signals from the latter decrease over
time. Increasing the amount of added HCl or increasing
the synthesis time leads to degradation of the obtained
products.

Interaction of [B;Hg]™ with NCS

Preparation of Bu,N[B;H-ClI]
and Bu,N[B;HGClI,]

NCS is a well-known chlorinating agent in
organic chemistry. The interaction of NCS with
octahydrotriborate anion leads to the formation
of [B;H,CI]" at the ratio Bu,N[B;Hg]:NCS =
=1:1, and to the formation of [ByH/Cl,]™ at the ratio
Bu,N[B;Hg] : NCS = 1:2 (Fig. 3). A subsequent
increase in the amount of NCS leads only to the
destruction of the boron backbone.

_ cl
H H o H H
Ny \||3/
H H
/ + N—CI — H
H_ //H H e
P P
H H ) H H
H
H H — O H cl
g’ \B/ -
H H H
+2 N—Cl — c
H\ /H H\ e !
P N
H H o) H , H

Fig. 3. Scheme of the interaction of NCS
with octahydrotriborate anion

The succinimide formed in the reaction interacts with
chloro-substituted derivatives to form by-products. This
significantly complicates the purification process and
reduces the yields of the target compounds. Carrying
out the reaction and purification of chloro-substituted
derivatives of [B;Hg]™ anion at cooling to —50°C
reduces the solubility of succinimide and, together with
its salting with diethyl ether, prevents the occurrence of
side processes.

Preparation of nitrile
and amine-substituted derivatives

The interaction of the cesium salt of octahydrotriborate
with NCS in acetonitrile leads to [B;H,NCCH,].
The reaction proceeds through the stage of formation
of the monochloro-substituted derivative and is an
exchange reaction, in which chlorine is displaced by
the nucleophilic stronger acetonitrile. The exchange
process of the nucleophilic fragment is equilibrium. The
precipitation of cesium chloride shifts the equilibrium

towards the formation of the acetonitrile-substituted
product (Fig. 4).

cs cs ¢

H

H — (o]
N
H B H
/ \ H+ N—C| —
H\B B~ RCN
H H o)

R = CHj, C4Hy, C;H;

H
\
B

H
/

/ \ .,

gl 87

H' \ﬁ/ H

cl NCR
H | H
H\B’/H \B/ )
/\ + RCN /\ , o+
Ho g s H-g B]
W H \TI/ H

H

+

Cs + CI —> CsCl ¢

Fig. 4. Scheme of the interaction of the cesium salt
of octahydrotriborate with NCS in acetonitrile

Thus, carrying out a similar reaction with the
tetrabutylammonium salt of octahydrotriborate in
acetonitrile leads to the formation of only chloro-
substituted derivatives [B;H,Cl]” and [B;H/Cl,]".
The results of the study are confirmed by 'B NMR
spectroscopy data. Two signals were observed in the
spectra of the reaction mixture (Fig. 5a) at the first stages:
at —7 and —35 ppm with the ratio of integral intensities
2 : 1, belonging to the acetonitrile-substituted derivative.
Two signals observed at —16 and —22 ppm correspond
to [B;H,CI]". After 1 h after the beginning of the reaction
there was a decrease in the intensity of signals from
the chloro-substituted derivative, until their complete
disappearance and an increase in the intensity of signals
of the acetonitrile-substituted product (Fig. 5b).

The addition of NCS to the mixture of
octahydrotriborate with various amines in toluene
also leads to the formation of substituted derivatives.
However, it significantly increases the reaction time due
to the low solubility of the reagents in toluene, while
preventing interaction of substituted products with the
formed succinimide. In contrast to the neutral substituted
derivatives thus formed, succinimide is practically
insoluble in toluene, especially at low temperature.
For this reason, the synthesis and subsequent isolation
of products were carried out at low temperatures, not
exceeding 0°C.

In organic chemistry, chlorination reactions using
NCS are described as a radical process initiated by
a quantum of light. An attempt to carry out two parallel
syntheses of monochloro-substituted octahydrotriborate
derivative using a red laboratory lamp and under
UV irradiation was proposed. According to NMR
spectroscopy, absolutely no differences were observed in
the reaction masses. Thus, it can be said that the reaction
mechanism is still not radical.
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(2)
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Fig. 5. ''B NMR spectra of a mixture of Bu,N[B;Hg] with NCS:
(a) immediately after the start of the reaction,
(b) after 1 h.

Therefore, NCS can act as a chlorinating agent both
for the preparation of chloro-substituted derivatives
of octahydrotriborate anion by direct interaction with
salts of [B;Hg]|™ anion, and for the preparation of other
substituted derivatives through the substitution of
a nucleophilic fragment.

CONCLUSIONS

All the methods mentioned above are suitable for the
preparation of substituted derivatives of the [B;Hg|
anion. Depending on the nucleophile, the choice of
method and conditions may be limited. The main factors
influencing the course of the substitution reaction are
the possible occurrence of side interactions between the
nucleophile and the inducer, steric possibilities, and the
subsequent isolation of reactive reaction products.

This study for this first time proposed the use of NCS
as an electrophilic inducer for the synthesis of chloro-
substituted, nitrilic and amine-substituted derivatives.
Also for the first time, new substituted derivatives
of [B;H,NCR], (R = Et, i-Pr, Bn), [B;H,NH,R],

(R = CyH 4, Bn) were obtained by this method.

This study also systematizes and improves the
known methods for the preparation of substituted
octahydrotriborate anion derivatives. For the preparation
of nitrilium-substituted derivatives using dry hydrogen
chloride, the use of cesium salt enables the product to
be isolated.

New methods have been developed for the preparation
of halogen-substituted Bu,N[B;H,Cl], Bu,N[B;H,Br],
Bu,N[B;H,Cl,], BudN[B;HBr,]; nitrilium-substituted
[B;H,NCR], (R = CH;, Et, i-Pr, Ph); and amine-
substituted derivatives of [ByH,NH,R], (R = CyH ¢, Bn),
[B;H,NHEt,],  [B;H,NEt;] by interaction  of
octahydrotriborate(1—) anion with halogens (Br,, I,) and
with NCS. The study also found that protonation of the
amine occurs during the preparation of amine-substituted
derivatives using bromine. In order to avoid this, the
synthesis temperature must be increased to 66°C.

When iodine is used as an inducer, its excess can
lead to a degradation of the target compound. Thus the
isolation of the target product should be carried out
immediately after complete conversion of the initial
anion [B;Hg]™.
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Abstract

Objectives. To examine the general principles and recent advances in the synthesis of high-purity and high-homogeneity barium titanate
powders in the manufacture of electronic components.

Results. The main publications regarding the synthesis of barium titanate powder, including the works of recent years, were analyzed.
The technological advantages and disadvantages of various synthesis methods were identified. Groups of methods based on solid-state
interaction of reagents and methods of “wet chemistry” were also considered. The possibilities of producing barium titanate particles of
non-isometric shapes for creating textured ceramics were discussed separately.

Conclusions. Barium titanate is a well-known ferroelectric with a high dielectric constant and low dielectric loss. It is used as a component
in ceramic electronic products, for example, capacitors, memory devices, optoelectronic devices, and piezoelectric transducers.
The possibilities of producing functional ceramics based on barium titanate powder largely depend on its state and morphological
characteristics, determined during the synthesis stage. The most important factors affecting the functional characteristics of ceramics are
the purity and morphology of the powder raw materials used.
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OB30PHAA CTATbA

MeToabl CMHTE3a TUTaHaTa 6apua Kak KOMMNOHEHTAa
bYHKUMOHANBHOW AN3JIEKTPUYECKON KepaMUuku
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AHHOTaUuS

He.l]l/l. HpoaHaJ'II/BI/IpOBaTL O6HII/IE MIPUHOUIIBI U MTOCIICAHUE JOCTUKCHUS B o0acTu cuHTE3a TIOPOUIKOB TUTAaHAaTa 6ap1/151 BBICOKOH 9H-
CTOTBI U TOMOTCHHOCTH [JIs1 U3TOTOBJICHUSA 3JICKTPOHHBIX KOMIIOHECHTOB.

Pe3yabTaThl. PaccMOTpeHbI OCHOBHBIE IMyOIMKAIIMN O CHHTE3€ IOPOIIKA TUTaHaTa Oapusi, BKJIIOYas paOOTHI MOCIEIHHX JIEeT, OTMEUCHBI
JTIOCTOMHCTBA M HEJOCTATKH PA3IHYHBIX METOMOB CHHTE3a C TEXHOJIOTMYECKOH TOUKHM 3peHus. [IpoaHanu3upoBaHbl IPYIIBI METO/OB,
OCHOBAaHHBIE Ha TBEPA0(DA3HOM B3aNMOJCHCTBUH PEATeHTOB, U METOBI «MOKPOI XuMum». OTIETbHO 00CYKICHBI BO3MOKHOCTH TOITY-
YEHHs YaCTHIl TUTaHaTa Oapusi HEM30METPUIHON (hOPMBL, MpeAHa3HAYCHHBIE IS CO3JaHUS TEKCTYPHPOBAHHON KEPAMHKH.

BeiBoabl. Tutanar 6apust SBISETCS ITMPOKO H3BECTHBIM CETHETORIEKTPHKOM C BBICOKOH TUAIEKTPUUECKON MPOHUIIAEMOCTHIO M HU3KHM
3HaYEHHEM AUAIEKTPUUYECKUX MOTEPh U MPUMEHSETCS B KaUueCTBE KOMIOHEHTA KePaMUUECKHUX M3 3IeKTPOHUKH, HAPUMED, IS
KOHJICHCAaTOPOB, 3alIOMUHAIOIINX YCTPOMCTB, ONTOIEKTPOHHBIX YCTPOMCTB, ME303IEKTPUUECKUX MpeodpasoBareneid. BozmoxHOCTH
MPOM3BOACTBA (DYHKIMOHAIBFHONW KEPaMUKN Ha OCHOBE MOPOIIKA TUTaHATa OapUst BO MHOIOM 3aBHCST OT ero (a3oBbIX U Mopdosoruye-
CKHMX XapaKTEePUCTHK, KOTOPbIE ONPEENAIOTCS Ha dTarne cuHTe3a. OAHUMHU U3 BaXHEHINX (aKToOpoB, BIUAIONMX HA (QYHKIMOHAIbHbIC
XapaKTEePUCTUKH KEPAMHUKH, BBICTYTAIOT YUCTOTA M MOP(HOIOTHS HCHOIB3YEMOTO MOPOIIKOBOTO CHIPBSI.

Knioyessie crosa MocTtynuna: 31.12.2022
TUTAHAT 6apn51, CeFHeTOSJ’ICKTpI/IKI/I, HLe3OKepaMI/IKa, D.opaGOTaHa . 03 1 0 2023
MIEPOBCKUTONOA0OHBIEC OKCHIHbBIE CETHETONEKTPUKHU, TBEpAO(ha3HbII CHHTES,

30J1b-T€JIb METOJ, THIPOTEPMAIIbHBII CUHTE3, CBEPXKPUTHYECKHI BOAHBINH QuIton MpunsTa B nevats:  26.01.2024

Anga uuTnpoBaHua

Xonoakosa A.A., Pesunuenko A.B., Bacun A.A., CmupHoB A.B. MeTo/pl cuHTE3a TUTaHATa Oapusl Kak KOMIIOHEHTa ()YHKIIMOHATBHOU
JIUAJIEKTpUYIECKOr KepaMuku. Tonkue xumuueckue mexronozuu. 2024;19(1):72-87. https://doi.org/10.32362/2410-6593-2024-19-1-72-87

INTRODUCTION METHODS FOR THE SYNTHESIS OF
BARIUM TITANATE

At temperatures below 120°C, barium titanate has
ferroelectric properties. The most important requirements
for fine-crystalline BaTiO, powder are a high level of purity,
uniformity of state composition, narrow size distribution of
crystals, identical (usually round) shape, and a low degree
of agglomeration [1]. To date, a large number of methods
for the synthesis of BaTiO, powder have been developed.
They can be attributed to one or another of the main groups
of methods for the synthesis of complex oxides. There are
also many hybrid methods (sol—gel hydrothermal process,
sol—gel process in a supercritical medium, etc.).

The synthesis of complex oxides can often be
a challenging task in both laboratory and industrial
practice. Along with oxygen, such compounds contain
two or more other chemical elements. Depending on
their quantitative ratio and the conditions of the synthesis
process, stable compounds of various compositions can
be obtained from the same components. Thus, the targeted
synthesis of a single-state product with a strictly defined
stoichiometry requires the use of certain technological
approaches. Currently, several groups of methods for
producing complex oxides have been developed in solid-
state chemistry. They include high-temperature treatment
of reagents, flow synthesis, melt synthesis, hydrothermal
synthesis, and other methods using solutions, as well as
their combinations. The article discusses the principles In the solid-state synthesis of pure BaTiOj;, the reactants
of the most important and popular methods. aretypically BaCO, and TiO,. They are mixed by grinding

High-temperature solid-state synthesis
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in a mill for 2 to 24 h in air or in an alcohol medium. The
prepared mixture is then dried in air at a temperature of
about 80°C. The synthesis is carried out at temperatures
from 800 to 1400°C for up to 8 h [2—6]. The process
of transforming the reactants into the final product,
barium metatitanate, can be divided into three stages [2].
During heating of the reaction mixture, barium carbonate
decomposes to form oxide, and barium ions diffuse into
the structure of titanium dioxide. Pure BaCOj, releases
CO, at a temperature of 825°C [4], while in the presence
of TiO,, decomposition begins at a lower temperature.
The removal of BaO from the decomposition reaction due
to its interaction with TiO, accelerates the process at the
initial stage. The formation of BaTiO, can be observed
already at 650°C [7]. As a new BaTiOj state is formed
on the TiO, surface, the reaction becomes diffusion-
controlled and is hampered by the low solubility of BaO
in metatitanate (less than 100 ppm). This leads to the
formation of the orthotitanate Ba,TiO, state [8]. The
processes occurring in the solid-state reaction front can
be expressed by the following equations:

BaO + TiO, = BaTiO, (1)
BaTiO, + BaO = Ba,TiO, )
Ba,TiO, + TiO, = 2BaTiO, 3)

In practice, the reaction (3) does not always proceed
completely, and the final product of the synthesis contains
undesirable impurities of Ba,TiO,. The particle size of
the initial BaCOj is usually of the order of 1 um, and their
interaction with TiO, requires fairly high temperatures
(up to 1100°C). As a result, the product obtained consists
of large agglomerates which require grinding.

The grinding procedure was carried out in one of
three ways: once over a long period of time (12 h,
270 rpm) [2]; with the use of dispersants (ammonium
polyacrylate) [7]; or repeatedly, alternating with heating
the oxide mixture [6]. In some works, grinding was
performed in liquid media such as water, alcohols,
etc. [9, 10]. It was noted that, in this case, the surface
of the reactants was found to be enriched with hydroxyl
and/or alkoxy groups. This slowed down their solid-
state interaction at the stage of heat treatment [10, 11].
At the same time, the reactivity of the components of
the mixture increased, facilitating the diffusion of Ba?*
ions into the TiO, matrix. Grinding the reagents to
a nanocrystalline state enabled the synthesis temperature
to be reduced to 800°C. This also reduced the formation
of Ba,TiO,, and eliminated the need to grind the final
product. It was shown [12] that a similar effect persisted at
grinding durations of up to 20 h, after which the particles
reagglomerated. Due to the diffusion control of the
process, the shape and size of the product particles in the
absence of intensive agglomeration at low temperatures
were close to the shape and size of the particles of the

initial TiO, [7]. The morphology inheritance allowed for
the characteristics of the final product to be controlled at
the synthesis planning stage.

It was noted that by lowering the pressure of air or
CO, over the oxides during the process, their reactivity
increased due to easierrelease of CO, [7]. However, in this
case, Ba,TiO, is formed to a greater extent. Increasing the
CO, pressure over the reaction mixture (up to 100 kPa),
in turn, allows for the formation of orthotitanate to be
completely suppressed. Pre-grinding of the reactants
and control of CO, pressure create conditions for the
synthesis of pure nanocrystalline BaTiO; by high-
temperature solid-state transformation (Fig. 1).

Ultrasonic treatment is used as an alternative to
grinding for preparing the reaction mixture for solid-
state transformation [13—16]. Depending on the nature of
the medium in which the reactants are placed, ultrasonic
treatment has a dispersing effect (e.g., in ethanol [16])
and can also lead to chemical activation of the surface.
BaCOj; can partially dissolve in non-alkaline aqueous
solutions. It was determined that ultrasonic radiation
causes a rearrangement of barium ions on the surface of
TiO, particles, which has a negative C potential [14]. As
a result of these processes, the temperature required to
transform the treated mixture of reactants into barium
titanate is lower than in the case of grinding. The average
particulate size of the product is also smaller.

of a BaTiO, sample synthesized by high-temperature

Fig. 1. Scanning electron microscope (SEM) image
solid-state method at 800°C [6]

Mechanochemical synthesis

Mechanical treatment of the reactants in the solid-state
production of BaTiO; is often a preparatory step before
high-temperature heating. However, a number of studies
have showed that the preparation of barium titanate
can feasibly be achieved by entirely mechanochemical
methods [17-21].
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As in high-temperature synthesis, the source of
titanium ions in such a process is TiO,, and a more
efficient source of barium ions is BaO or Ba(OH),[17].
It should be noted that these barium compounds tend
to interact with carbon dioxide and water from the
surrounding air. In order to estimate the amount of the
reactant correctly, operations with BaO and Ba(OH), must
be carried out in an inert atmosphere. The path from the
reactants to the final product passes through the formation
of the intermediate compound Ba,TiO, [22]. The near-
room temperature at which mechanochemical synthesis
is carried out is insufficient to decompose BaCO, As
a result, the reaction is slow or inhibited. For the same
reason, the reaction between barium and titanium
oxides was performed without CO, access in a nitrogen
atmosphere or in vacuum [22]. The medium in which the
mechanical treatment of the reaction mixture is carried
out significantly affects not only the completeness of the
reaction, but also the size of the BaTiO; particles [23].
Replacing a gaseous medium with a liquid medium (e.g.,
toluene) allows a product to be obtained which consists
of smaller crystals. The important role of mill design was
also noted. For example, a ball mill enables a nearly 100%
conversion of a mixture of BaO and TiO, into BaTiO; to
be achieved in 4 h. When using an attritor, 12 min are
sufficient for the complete reaction between TiO, and
BaCO, [17, 19]. In order to increase the mechanical action
intensity in the synthesis in a ball mill, a sufficiently high
weight ratio of the balls and the reaction mixture was
chosen: from 20: 1 to 25:1 [17, 22, 23]. The range of
energies imparted by the ball upon impact to ensure the
transformation of a mixture of barium and titanium oxides
into BaTiO; was established as 50-160 mJ [20]. Based
on these values, efficient conditions for mechanochemical
synthesis can be chosen.

Soft mechanochemical synthesis without thermal
treatment of reactants can produce crystalline
BaTiOj particles close in size to nanoparticles (Fig. 2).
It is easy to perform, and has low energy consumption.

Fig. 2. SEM image of a BaTiO; sample
obtained by mechanochemical synthesis [19]

Complexation methods

In complexation methods for the synthesis of
crystalline BaTiO;, the reactants are, as a rule, barium
salts (Ba(NO,),, BaCO,, BaCl,, Ba(CH,COO),) and
various titanium compounds (butoxide, isopropoxide,
tetrachloride, dioxide). The chelating agent is citric or
ethylenediaminetetraacetic (EDTA) acid. The auxiliary
reagents can also be ethylene glycol, ammonium
hydroxide, and nitric acid.

At the beginning of the citrate process, the titanium-
containing reactant is hydrolyzed in the acidic medium
of a complexing agent. A barium salt solution is also
prepared (if the reactant is BaCOj, it is also dissolved in
the acidic medium). By mixing the prepared solutions,
a solution of barium titanium citrate is obtained [24].
At this stage, it is important to control the acidity of
the medium, since the composition of the mixed citrate
depends on the pH. At a low pH value, a complex of
the composition BaTi(C,H,O,);-6H,0 with a molar
ratio of cations of 1:1 is formed. By increasing pH,
Ba,Ti(C4H;0,),(C,HO,)-7TH,0 with a Ba:Ti ratio
of 2:1 is produced [25]. In order to maintain the
stoichiometry of the final product (BaTiO;) in the
precursor, pH 5-6 is maintained in the reaction medium by
adding the required amount of NH,OH or HNO; [26, 27].
In some studies, citric acid was replaced with EDTA,
which is a stronger complexing agent [27, 28]. The
operations described herein are similar to those in the
Pechini method, with the exception of the addition
of ethylene glycol to the reaction system at one of the
stages [29]. A simpler scheme was also proposed for
preparing a precursor by dissolving BaCl, and TiO, in
a solution of citric acid with heating and stirring until
a viscous gel is formed [30].

Then, water is evaporated from the solutions (90°C,
1-2 h) and the precursor obtained is dried. In the Pechini
method, the temperature is raised to 180°C for several
hours, in order to esterify ethylene glycol and citric acid
and form a polymer.

The final stage of synthesis in each of the methods
is high-temperature heating of the precursor. At
this stage, organic components are removed and
BaTiO; crystallizes. Heating for up to 8 h is carried
out in air at temperatures from 600 to 1000°C. The aim
of the synthesis stages preceding heating is to achieve
a high degree of reagent mixing. The heating conditions,
in turn, determine the state purity and morphological
features of BaTiO, crystals.

The literature presents two points of view on the
mechanism of the process which occurs when the precursor
isheated. According to one point of view, in the temperature
range from 380 to 525°C, the precursor transforms into an
intermediate compound of the composition BaTi,0;CO5
This decomposes at a temperature of about 690°C to
form the final barium titanate [31]. Other observations
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of the decomposition of the precursor establish that
heating leads to only partial formation of an intermediate
compound [32]. Most of the precursor decomposes into
BaCO, and TiO, (X-ray amorphous) in the temperature
range from 435 to 500°C which interact at a temperature of
about 600°C [25, 26, 32]. The decomposition mechanism
depends on the heating conditions [32]. A systematic
study [33] showed that the formation of BaCO; can be
avoided by removing organic components for a longer
time up to 24 h at lower temperatures (about 300°C), at
which no carbonate has yet been formed. Before further
increasing the temperature, the precursor is ground. It
is recommended to heat to the upper temperature at the
maximum possible rate [27] and to apply a long holding
time (about 8 h) [33]. Subject to such conditions, the
purity of the product increases. It does not contain
BaCOj; impurities.

A significant conclusion which can be drawn from
studies of the mechanism of precursor decomposition is
the fact of the formation of BaCO; and TiO, in the form of
separate states at temperatures lower than the temperature
of the beginning of BaTiO, crystallization. This means
that the mixing of cations at the atomic level, achieved
by preparing complex compounds, is violated by heat
treatment of the precursor. BaTiO, is formed by the solid-
state reaction of BaCO; and TiO, [25]. An advantage of
complexation over conventional solid-state synthesis is
the smaller size of interacting particles (nanometers).
This cannot be achieved by mechanical processing of
coarser reactants. As a result, the crystals of the product
are also micro- and nanosized (up to 130 nm). Under
certain conditions, one can obtain samples consisting of
crystals smaller than 50 nm in size with a narrow size
distribution [29, 32, 34] (Fig. 3).

Fig. 3. SEM image of BaTiO, nanocrystals
obtained by the Pechini method [29]

Another advantage of the technology under
consideration is its high level of control over the
stoichiometry of the product. This is due to the

possibility of the formation of mixed complexes with
a given Ba:Ti ratio in the solution [35]. However,
nanocrystals are highly prone to agglomeration due to
low ( potential values at the pH of the solution above
1.5 [36]. Heat treatment at the final stage of the process
reduces their size [34]. A high degree of powder
agglomeration creates difficulties during the sintering of
ceramics. This is because the behavior of the structure
of workpieces containing agglomerates during firing has
been insufficiently studied [35]. According to various
data, BaTiO; nanocrystals obtained by complexation
methods form agglomerates ranging in size from 0.2 to
2.0 um [32, 37].

Sol-gel method

The sol-gel method is used to obtain crystalline
BaTiO; powders, as well as thin films, coatings, and
aerogels [38—43]. This method allows the stoichiometry
of the final product to be easily adjusted, and
facilitates the production of powders of various barium
titanates (BaTiO;, Ba,TiO,, BaTi,O,, BaTi,O,) by
varying the molar ratio of the reactants [44, 45].

In the sol-gel synthesis of BaTiO;, as in most other
complex oxides, one of the reactants is a transition metal
alkoxide (titanium isopropylate or titanium butoxide).
This is due to its high activity in the hydrolysis and
condensation reactions [46, 47]. Barium ions are
introduced into the reaction mixture as an alcohol
solution of hydroxide, acetate, acetylacetonate, or
also alkoxides [44, 46, 48, 49]. The reactants are
mixed in a dry inert atmosphere, in order to prevent
them from interacting with water vapor or carbon
dioxide [46, 48]. In this regard, the more suitable choice
is acetylacetonate or barium acetate, since they are more
moisture-resistant [46]. The mixing of the reactants
leads to the rapid and complete alcoholysis of alkoxides
and polycondensation, in order to form Ti—-O-Ti and
Ti—-O-Ba2"bonds [48]. Inanacidic medium (pH2.5-3.5),
the acidity of which is provided by adding acetic acid, the
mixture is converted into a sol by hydrolysis [46, 50]. In
this case, water molecules contribute to the redistribution
of fragments of the condensed system by the formation
of hydrogen bonds [48]. With an increase in the pH, the
hydrolysis of alkoxides leads to crystallization of metal
hydroxides and oxides from the solution, rather than to
the formation of a gel [51]. The hydrolysis rate decreases
with the length of the carbon chain of alkoxides [46]
and also depends on the presence of auxiliary reagents.
The addition of chelating agents (e.g., acetylacetone) or
surfactants to the reaction mixture enables the progress
of condensation and polymer growth to be controlled
by reducing the reaction rate [46, 52]. Gelation is often
carried out at room temperature, in order to achieve
a more uniform structure, since heating naturally
accelerates the process [50]. The gel thus prepared is
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dried at temperatures from 50 to 110°C from several
hours to several days. According to various observations,
the structure of the gel and the precursor, as well as
the temperature required for calcination, depends on
the nature of the Ba-containing reactant. Heating the
precursor to 200°C is accompanied by the evaporation
of solvent residues, and then, with further heating to
400°C, organic fragments are pyrolyzed. When heated
to 500°C, the powder has an amorphous structure.
BaTiO; begins to crystallize at about 550°C in the case of
synthesis from barium acetate or isopropylate [44, 49],
at 600°C when synthesized from hydroxide [48], and
at 620°C when using barium acetylacetonate [46]. The
mechanism of crystallization of BaTiO; from gel has
no unambiguous interpretation. Some studies reported
the absence of any intermediate compounds and the
direct formation of BaTiO, from the precursor [44, 48].
There is a point of view that, during the decomposition
of the gel, barium titanate is preceded by oxycarbonate
Ba,Ti,0,CO; [49]. It is more likely that the gel will
decompose to form BaCO, and TiO,, which then
enter into solid-state interaction [46, 49, 52], as in the
complexation methods.

In most studies, calcination of the gel for up to 2 h is
carried out at temperatures up to 900°C [44, 46, 49, 52].
It was noted the product is weakly crystallized [46] and
contains small amounts of BaCO, [52-54]. The crystals
in single-state BaTiO; powders obtained by the sol-gel
method had a narrow size distribution in the range from
37 to 70 nm (Fig. 4) [49, 52, 55].

100 nm |a 100 nm 100&
m—— —_— —
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Fig. 4. Transmission electron microscope (TEM) images
of BaTiOj crystals obtained by the sol-gel method [52]

Hydrothermal method

The hydrothermal method is one of the main methods
used to obtain BaTiO,;. The reactants are typically
barium salts (BaCl,, Ba(NO,),), or Ba(OH), and
titanium dioxide in the amorphous or crystalline
state [56-58]. The reactivity of amorphous TiO, under
hydrothermal conditions is higher than that of crystalline

TiO, [59]. Therefore, it is often synthesized in situ using
titanium alkoxides or chlorides as reactants which at
the beginning of the process are hydrolyzed, in order
to form TiO,-H,O [57, 60, 61]. A mixture of reactants
in an aqueous solution is placed in a closed reactor and
maintained at a temperature from 130 to 250°C and at
an equilibrium pressure [56-58, 61] for a time ranging
from several hours [34, 56, 61] to several days [58, 62].
The product is cooled, washed with an acid solution and
distilled water, in order to remove BaCO,, and dried in
air or vacuum [34, 56, 61, 62].

The literature shows two points of view on the
mechanism of formation of BaTiO, under hydrothermal
conditions. According to one of them, the transformation
occurs by means of a solid-state mechanism without
dissolving TiO, [63, 64]. In this case, the solution
facilitates the transport of Ba2" ions to the TiO, surface in
comparison with high-temperature solid-state synthesis.
The model of product formation remains the same:
the formation of a BaTiO; layer on the TiO, surface
and the gradual propagation of the reaction front into
the initial particles. According to the other point of
view, a dissolution—precipitation mechanism takes
place in which the nucleation occurs homogeneously
in the solution as a result of the reaction of Ba?* and
Ti(OH)} " [58, 63—65]. This point of view garnered more
experimental confirmations and is thus shared by most
researchers.

An important advantage of hydrothermal synthesis
is that BaTiO; is the only form of the complex oxide
stable under these conditions. For the reaction system,
thermodynamic parameters of ions in an equilibrium state
were calculated. Taking solubility into account, diagrams
were constructed to determine the conditions for obtaining
a BaTiO; precipitate at different temperatures [68]. As
an example, Fig. 5 shows such a diagram for 160°C.
It can be seen that the BaTiO; precipitate forms
at high pH values. However, the pH of the initial
Ba(OH), solution may be insufficiently high for the
precipitate to form [69] (Fig. 6). Therefore, in order to
maintain the required basicity of the medium, an excess
of strong alkalis (KOH, NaOH) is initially added to the
reaction mixture [56, 57, 60]. A study of the attenuation
of X-ray radiation in samples of reaction mixtures and
products of hydrothermal synthesis of barium titanate
for 15-120 min at a temperature of 100-200°C revealed
the presence of various polytitanates in the reaction
medium [68]. The first product to form is the titanium
dioxide-enriched state BaTi,O5. Metatitanate BaTiO, is
formed in tandem with it. After further progress of the
process, the third state, Ba,TiO,, is produced. At the
final stage, the only remaining product is BaTiO;. The
formation of different states in a hydrothermal process
may indicate that its mechanism is more complex than
suggested by the dissolution—precipitation model and is
complemented by the in situ model.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(1):72-87 7



Methods for the synthesis of barium titanate
as a component of functional dielectric ceramics

Anastasia A. Kholodkova,
etal.

The problem in obtaining stoichiometric BaTiO; is
the partial leaching of Ba?" ions from the crystal surface,
observed in both acidic and basic media [24, 66, 71, 72].
This process occurs least intensely at pH 7—11 [71].
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Fig. 5. Stable forms of barium ions in the BazJ'—TiO2 reaction
system at 160°C and the yield of the product (BaTiO,),
depending on the pH and the input total molality

of barium ions [68]

8 F _

5 6 7 8 9 10 11 12 13 14
pH

Fig. 6. Comparison of (/) the pH of an aqueous
Ba(OH), solution and (2) the pH required for crystallization
of BaTiOj at various total molalities [69]

Hydrothermally ~ produced = BaTiO;  crystals
are usually round in shape and tend to form
agglomerates. They can be characterized by narrow
size distribution and an average size from 20 to
500 nm [32, 56, 58, 61, 62]. In some cases, it was
possible to synthesize cubic-cut nanocrystals ranging
in size from 5 to 15 nm [57] (Fig. 7).

Fig. 7. TEM images of BaTiO, nanocrystals synthesized
hydrothermally at 130°C in 16 h [57]

The different solubility of different forms of the
initial TiO, makes it possible for small BaTiO, crystals
(up to 110 nm) to be obtained from amorphous oxide
and larger ones (from 200 to 700 nm) from sparingly
soluble rutile [59]. Increasing the basicity of the medium
accelerates the dissolution of TiO,, resulting in the
formation of smaller BaTiO, crystals [58]. The growth
of larger crystals is promoted by an excess of Ba2" in the
reaction medium [62] and an increase in the temperature
and duration of the process [58, 61].

Synthesis in a supercritical
water medium

Under supercritical conditions, the synthesis of
BaTiO; powder can be performed both in a flow
reactor and in a batch reactor. The reactants are barium
salts or hydroxide (oxide), and titanium dioxide or
chloride. It is recommended to perform manipulations
with BaO and Ba(OH), for the preparation of the
reaction mixture in an inert atmosphere. Under
stationary conditions, the synthesis is carried out at
400°C and 26 MPa for 20 h [73]. The product of the
reaction is pure crystalline BaTiO; powder consisting
of round crystals with an average size of about 80 nm.
Individual crystals reach 370 nm (Fig. 8) without the
use of auxiliary reagents.

The results of the use of the flow conditions were
presented for the synthesis at temperatures from 380 to
420°C and pressures from 25 to 40 MPa [74, 75].
The flow reactor was equipped with two mixers. One
was supplied with solutions of reactants and auxiliary
substances (e.g., alkali). In the other mixer, the reactant
solution was combined with water preheated above the
critical point. The mixture prepared in this way entered
the reactor at a controlled flow rate and was then cooled
in the downstream part of the reactor. The process took
from a few milliseconds to 4 s. For the crystallization
of BaTiO;, the pH was maintained at 11-12 by adding
a KOH solution to the reaction system or taking an
excess amount of Ba(OH),. The suspension removed
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200 nm

Fig. 8. TEM image of BaTiOj crystals synthesized
in supercritical water at 400°C and 26 MPa
in a batch reactor [73]

from the reactor was filtered. It was then successively
washed with a solution of acetic acid and distilled water,
and dried in air. Pure crystalline BaTiO; was obtained.
The size of the crystals indicates its dependence
on the duration of the process. Within 4 to 8 ms,
nanocrystals (from 5 to 13 nm) were obtained [74],
while at a duration of several seconds, the crystal size
increased to 100 nm [75] (Fig. 9). Crystal growth was
also observed with increasing process temperature and
basicity of the medium. Due to the reduced surface
tension of water in the supercritical state in comparison
with the liquid state, the degree of particle aggregation
in BaTiO, powders was found to be lower.

50 nm
2

Fig. 9. TEM image of BaTiOj crystals synthesized
in supercritical water at 400°C in a flow reactor [75]

SYNTHESIS OF CRYSTALINE BARIUM
TITANATE OF DIFFERENT MORPHOLOGY

Effect of morphology on the properties
of BaTiO; crystals

As noted earlier, the most important factor in the
production of functional ceramics is to synthesize
isometric submicron and nanosized BaTiO, crystals.
At the same time, the ferroelectric properties of
BaTiO; depend not only on temperature, but also on
the size of its particles [76]. At temperatures below the
Curie point, the thermodynamically stable tetragonal
state is replaced by a metastable pseudocubic state in
crystals the size of which is smaller than the critical
size. The pseudocubic state is paraelectric, i.e., it does
not possess ferroelectric properties. One explanation
for this phenomenon is the lack of an external electric
field capable of neutralizing the own field of polarized
particles with a high specific surface area. A certain role
is played by the excess surface energy of nanosized
particles. Small particles are characterized by a noticeable
increase in the effect of structural defects which have
a charge disrupting spontaneous polarization. Moreover,
spontaneous polarization is a bulk process based on
long-range interactions which is difficult to achieve if
the crystal volume is very small [77, 78]. Data on the
critical size of BaTiO; crystals varies between different
sources, indicating on average a value of several tens of
nanometers [77, 79, 80].

The manifestation of ferroelectric properties
depends on the size of the particles, as well as on their
geometry [81]. In comparison with round submicron and
nanoparticles, which can be considered 0-dimensional,
1- and 2-dimensional BaTiO, particles possess special
properties. Interest in 1-dimensional particles (needles,
bars, fibers, etc.) is caused by their ability to maintain
spontaneous polarization when the thickness is reduced
to several nanometers [82]. This is justified by the
minimal effect of the depolarizing field on cylindrical
particles [83]. Furthermore, for such particles, the
emergence of a new type of dipole ordering was
theoretically predicted [84]. Powders consisting of
2-dimensional crystals (plates) show advantages over
isometric ones in the manufacture of ceramic materials.
They facilitate control of the thickness of a sample of the
material, increase surface hardness, and make it possible
for the piezoelectric modulus to be increased due to
a high degree of grain orientation [84, 85].

Anisotropic BaTiO; particles are difficult to obtain
due to the isotropy of the perovskite structure [86].
Synthesis is carried out mainly by the hydrothermal
method or in molten salt [81, 86]. Crystals of a given
shape are often obtained using templates which can act
as reactants or porous membranes subsequently removed
by etching or calcination [81].
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Control of the morphology of BaTiO,
under hydrothermal conditions

One of the possibilities for controlling the shape of
crystals during hydrothermal synthesis is to maintain
a certain basicity of the medium. The layer-by-layer
formation of the BaTiOj structure in an aqueous medium
is accompanied by competition between the formation
of Ti—-O-Ba and Ti—OH bonds [84]. At a high pH, the
formation of a Ti bond with the hydroxyl group is more
likely and leads to inhibition of crystal growth. The faces
corresponding to different crystallographic planes contain
different specific numbers of Ti atoms. Therefore, the
slowdown in their growth is not uniform. The (111) face
is most susceptible to the effect of OH groups. Taking
advantage of this, plate-like BaTiO; crystals (average
thickness 5.8 nm, average diameter 27.1 nm) were
obtained from Ba(OH), and titanium isopropoxide at
225°C for 5 h with maintaining the pH of the solution
around 13 [84].

The growth of certain BaTiO; faces can be inhibited
by introducing additives into the reaction medium. For
example, a synthesis was reported using polyacrylic acid,
which is selectively adsorbed on the high-energy (111)
face and impedes crystal growth in this direction [83]. As
a result, plate-like crystals were also obtained.

Additives can promote the formation of extended
structures. The introduction of ammonia into the
reaction medium leads to the growth of fibrous
BaTiO, crystals [81]. However, the mechanism of this
effect has not yet been established.

A more complex, but also more efficient way
of controlling the morphology of the product is to
use a titanium-containing template reactant. Such
templates are typically alkali metal polytitanates with
a layered structure which are active in ion-exchange
reactions (Na,Ti;O, K, Ti O, etc.). The synthesis using
such reactants requires preparation. Polytitanates can be
obtained hydrothermally by treating TiO, in a medium of
NaOH or KOH (K,CO;) [82]. BaTiOj is formed by the
exchange of Na* or K* ions for Ba%* ions and subsequent
restructuring with a shift of the layers of TiO, octahedra
relative to each other.

Under conditions of the dissolution—precipitation
mechanism with the formation of nuclei of a new state
in a liquid medium, the reaction produces isometric
BaTiO; crystals, regardless of the morphology of the
reactants. However, if the goal is to obtain a product with
the preserved morphology of the reactant, reaction must
take place by means of an alternative mechanism which
excludes dissolution [87-90]. The shape of particles of
the initial layered polytitanates can be best preserved
at a relatively short reaction time, low temperature,
low Ba(OH), concentration, and the use of an alcohol
additive [88, 90]. Lowering the temperature to 100°C
reduces the solubility of polytitanates. Polytitanates are

highly soluble in a highly alkaline medium. Therefore,
decreasing the Ba(OH), concentration also leads to the
desired result. The introduction of ethyl alcohol reduces
the solubility of Ba(OH), and ensures saturation of
the solution with Ba" ions with a smaller amount of
this reagent. Using this information, the synthesis at
temperatures from 100 to 150°C for 24 h yielded plate-
like crystals and fibers of BaTiO; (Figs. 10, 11).

hydrothermally using plate-like K ¢Ti, ;5Li,,,0, particles
as a template [87]

‘ Fig. 10. SEM image of BaTiOj; crystals obtained

Fig. 11. SEM image of BaTiO; crystals obtained
hydrothermally using bar K,Ti,O, particles as a template [88]

By varying the Ba(OH), concentration, it is possible
to direct the process along a path which combines both
mechanisms of hydrothermal reaction. Depending
on the contribution of one or the other mechanism,
the shape of the product particles changes. Using
extended Na,Ti;O, particles, BaTiO; crystals of
various shapes were synthesized under hydrothermal
conditions (Fig. 12) [91].
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Fig. 12. Effect of the Ba(OH), concentration and the hydrothermal process temperature on the morphology of BaTiO; synthesized
using Na, Ti; O, particles as a template in the form of (a) nanotubes and (b) nanobars [91]

Control of the morphology of BaTiO,
during molten salt synthesis

Due to features of the reaction medium, melt synthesis
lacks many of the disadvantages of the previously
discussed methods, but it also has its own. The melt
is most often a eutectic mixture of alkali and alkaline
earth metal halides, but salts with other anions, as well
as hydroxides, are also used [92, 93]. The synthesis
temperature ranges from 300 to 1000°C, depending
on the nature of the melt and reactants. In the future,
a decrease in temperature through the use of ionic liquids
as a medium can be considered.

The process consists of grinding together calculated
amounts of reactants and salts which will serve as a medium,
then maintaining this mixture at a temperature above the
melting point of the salts. BaTiO; is synthesized from
TiO, and various barium compounds (BaO, Ba(OH),,
BaCO,, Ba(NO,),) [86, 93-96]. The liquid medium
facilitates the transport of ions, when compared with the
conventional solid-state reaction and also slows down the
growth and aggregation of BaTiO; crystals [95]. Upon
completion of the high-temperature holding, the system
is cooled and salts are removed by washing with water.
In the synthesis of BaTiOs, it is very important to control
the molar ratio of the reactants, since polytitanates can be
formed [94]. It was also noted that the use of amorphous

TiO, as a reactant enables the purity of the product to
be increased. The complete removal of salt ions from
the final product is impossible, and BaTiO; inevitably
contains impurities of other cations [94].

The principles of producing crystals with a given
morphology are aimed at restraining the growth of
certain crystal faces by choosing the composition of the
salt mixture. A high molar ratio of salts and reactants
inhibits the growth of high-energy faces. It was found
that in a KClI-NaCl medium, the growth in the direction
of the (101) and (001) planes is inhibited, resulting in
cubic crystals. In a K,S0,-Na,SO, medium, the growth
of'the (111) face slows down, and the product consists of
plate-like crystals [93]. In molten salt, template reactants
are also used. These can be layered polytitanates
and TiO, with a required morphology [86, 96]. It is
recommended that the source of Ba?" ions be easily
soluble compounds such as oxide or hydroxide, rather
than salts [86]. It is important that the dissolution rate
of the Ba-containing reactant should be higher than the
dissolution rate of the Ti-containing reactant, and the
reaction should occur by a solid-state mechanism by
saturating TiO, with Ba?' ions. Otherwise, the template
morphology may be lost. Figure 13 presents an example
of BaTiO; crystals synthesized from BaO and TiO, in
a NaCl-KCI medium.
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Fig. 13. SEM image of BaTiOj; particles synthesized
in a NaCl-KClI melt at 1080°C for 1 h [93]

CONCLUSIONS

The objective of this review was to analyze the literature
data regarding for obtaining micro- and nanocrystals of
BaTiO; of high purity and homogeneity, in order to find
a method suitable for the synthesis of powder materials.
The formation of various polytitanates in many cases
complicates the production of pure BaTiO;.

Experimental data on complexation methods and
the sol-gel method, which were developed in order
to achieve a high degree of mixing of reactants and to
obtain a product of a given composition, does not always
support the implementation of this idea. The data does
not eliminate the formation of by-products such as
carbonates and nonstoichiometric compounds. This was
clearly confirmed by studies of synthesized powders
by IR spectrometry and X-ray fluorescence analysis.
The product typically contained traces of carbonates.
Auxiliary reagents are often incompletely removed from
the surface and from the bulk of the synthesized oxide.
Despite the labor-intensive and expensive preparation of
precursors, the temperature of their calcination can be
comparable to the temperature of conventional solid-
state synthesis.

The conventional solid-state synthesis method has
some well-known disadvantages. It is inferior to wet
chemistry methods in the homogeneity of the initial
mixture of reactants and requires high temperatures
to carry out the reaction. Thanks to the long-term
development and improvement of this method,

techniques have been found which make it possible
to produce pure fine-crystalline oxides using this
method (grinding the reactants and the product, repeated
firing). Although the process of synthesizing complex
oxides usually takes a long time, it is technically quite
simple and does not require high costs for reagents and
equipment.

The hydrothermal method uses mild conditions and
also inexpensive reactants. Process planning requires
careful monitoring of the solubility of the reactants. This
method is suitable for the production of BaTiO; without
impurities of polytitanates, even if the molar ratio of
reactants is not 1 : 1. One general disadvantage of this
method is the presence of adsorbed water on the surface
of oxide crystals and OH groups as structural defects.
Under hydrothermal conditions, the barium titanate
particles are characterized by leaching of barium ions
from the surface. The resulting local nonstoichiometry
can manifest itself during further sintering of the ceramic
as the undesirable growth of anomalous grains and
a decrease in dielectric characteristics. The product of
hydrothermal synthesis is often calcined before further
use as a ceramic raw material. The hydrothermal method
provides ample opportunities for controlling the shape of
crystals of complex oxides.

The method for producing BaTiO, in supercritical
water is promising. At the present time, the number of
works on synthesis under these conditions is very limited.
As such, they do not allow us to form an objective picture
of the advantages and disadvantages of the method.
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