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Abstract

Objectives. To investigate the regularities of the process of joint production of epoxycyclohexane,
cyclohexanol, and cyclohexanone using the cyclohexene epoxidation reaction with cyclohexyl
hydroperoxide in the presence of an ammonium paramolybdate catalyst, representing an
alternative to the method of cyclohexanol and cyclohexanone synthesis by alkaline catalytic
decomposition of cyclohexyl hydroperoxide.

Methods. The qualitative and quantitative analysis of the obtained intermediate and target
compounds was determined using modern physicochemical research methods: gas-liquid
chromatography using the Chromatec-Crystal 5000.2 hardware and software complex with
a flame ionization detector and infrared spectroscopy on an RX-1 infrared Fourier
spectrometer. The content of hydroperoxide in the oxidation products was determined using
iodometric titration, while the carboxylic acid content was determined by the titrimetric
method based on the neutralization reaction.

Results. The presented method for obtaining cyclohexanol and cyclohexanone together
with epoxycyclohexane by the reaction of cyclohexene epoxidation with cyclohexyl
hydroperoxide containing cyclohexane in the products of high-temperature liquid-phase

© E.A. Kurganova, A.S. Frolov, S.A. Kanaev, G.N. Koshel, A.A. Petukhov, G.V. Rybina, V.V. Plakhtinskii,
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Epoxidation of cyclohexene with cyclohexyl hydroperoxide

oxidation is experimentally substantiated. The influence of various technological parameters
on the process of liquid-phase oxidation of cyclohexane to hydroperoxide is described. The
conditions for carrying out this reaction are determined to ensure the achievement of a content
of cyclohexyl hydroperoxide of 1.5 wt % in the products of oxidation. The regularities of the
epoxidation reaction of the synthesized cyclohexyl hydroperoxide with cyclohexene in the
presence of an ammonium paramolybdate catalyst are analyzed.

Conclusions. Epoxidation of cyclohexene with cyclohexyl hydroperoxide produced
epoxycyclohexane at a yield of 80-90% and a conversion of cyclohexane hydroperoxide of 85%.

Keywords: cyclohexene, cyclohexane, cyclohexyl hydroperoxide, cyclohexanone, cyclohexanol,
liquid phase oxidation, epoxidation
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AHHOMAuuUs

Ienu. HccnedosaHue 3arxoHOMepHOCMel Npouecca COBMECMmHO020 NONYUEHUS. SNOKCUYUUKO-
2eKcaHa, UYUKNI02eKCAHONA, UUKI02eKCAHOHA peakyuell SNOKCUOUPOBAHUSL UUKI02eKCeHA
2u0poNepoKcUOOM UYUKNIOEKCUNA 8 npucymcmeuu kamanuzamopa — napamoauboama
ammorust. Paspabamobieaemslii npoyecc sieasiemest alemepHamueoli cnocoby cuHmesa yukio-
2eKCaHONA U UUKI02EKCAHOHA UWEeJI0UHO-KAMANUMUUECKUM PA3JI0KEHUeM 2udponepoxcuoa
UUKN02eKCUNA.

Memoobut. OnpedeneHue KauecmeeHH020 U KOAUUECMEEeHH020 AHANU3A NOJYUEHHBLX NPOMEIY-
MOUHBIX U UYesle8blX COeOUHEHUU OCYUWEeCmeisiioct C NpUMeHeHUem 20302KUOKOCMHOT
xpomamoepapuu HA ANNAPAMHO-NPOZPAMMHOM Komnaiekce «Xpomamer-Kpucmann 5000.2»
C NAAMEHHO-UOHU3AUUOHHbIM 0emeKmopom, UH@PPAKpacHoll cnekmpockonueil Ha npubope
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HK ®dypve RX-1. CodeprkaHue 2udponepokcuoa 8 npooyKmax OKUC/IEHUSL NPOBOOUOCH C UCNOJlb-
308aHUEM (LI00OMEMPUUECKO20 MUMPOBAHUSL, A COOEpPHAHUE KApPOOHOB8bIX KUCIOM — mumpume-
mpuUecKum memooom HA OCHO8E peaKyuu Helmpaiusayuu.

Pesynemamul. SKchepumeHmaibHO 060CHO8AH Memo0 NONYUEHUST YUIKI02eKCAHONA U YUUKIO-
2€IKCAHOHA COBMECMHO C 9NOKCUUUKIO2EKCAHOM peaKyuelli 9N0oKCUOUPOBAHUS YUKI02EKCEeHA
2U0pPONepoKCUOOM YUUKI02EKCUNA, COOEPIKAULUMCSL 8 NPOOYKMAX 8blCOKOMEMNEePaAmypHO20 HUO-
KOG A3HO020 OKUCTEHUS YUKI02eKCaHA. Fccnedo8aHOo 8MUsIHUE PA3TUUHBLX MEXHOI02UUECKUX Napa-
Mempo8 Ha NPoyecc KUOKOA3H020 OKUCAEHUS YUK02eKcaHa 00 eudponepokcuda. OnpedeneHbl
ycnosust npogedeHust OaHHOU peakyuu, obecneuusaroujue O00CMUIEHUE COOePIKAHUSL 2UOPO-
nepoxcuoa yurnoeexcuna 1.5 mac. % e npooykmax okucneHus. H3yueHbl 3aKOHOMepHOCMU
Ppeaxyuuu INOKCUOUPOBAHUSL CUHME3UPOBAHH020 2UOPONEPOKCUOA YUII02EKCUNA C YUKTI02eKCEHOM

8 npucymcmseuu napamwtu&)ama AMMOHUSL 8 Kauecmee Kamasiusamopa.

Buleoowl.

3noncudupoeauuem yurijioeexKceHa zudponepoxcudom uurslioeekcusia nojsiyuer

anoKcuyuriozekcaH ¢ 8blxooom 80-90% npu KoHgepcuu 2udponeporcuoa yuriozexcara 85%.

Knroueevle cnoe8a: yurki02eKCceH, YWUKL02eKCAH, 2UOPONepoKcUl YUKI02eKCUNA, UUKI02eKCAHOH,
UUKJI02EIKCAHO, KUOKODasHOoe oKuc/ieHUe, INOKCUOUposaHue

Jlna yumuposanus: Kypranosa E.A., ®ponos A.C., Kanaes C.A., Komens I'H., ITetyxoB A.A., Priduna I'B., [Inaxrunckuii B.B.,
Ka6anoBa B.C., CmypoBa A.A. DIOKCHAMPOBAHHME LUKJIOTEKCEHA T'MIPOIEPOKCHIIOM IUKIOTEKCHIA. JOHKUe Xumuueckue
mexnonoeuu. 2023;18(6):505-516. https://doi.org/10.32362/2410-6593-2023-18-6-505-516

INTRODUCTION

The selective oxidation of cyclohexane to
cyclohexanone and cyclohexanol is a key stage in
the process of producing nyolone-6 and nylon-6,6
polyamides, whose global production of which
reaches more than 6 min t/year.

Two main methods are implemented for
the industrial production of cyclohexanol and
cyclohexanone both in Russia and abroad. A one-step
method for the synthesis of these compounds is
based on the catalytic liquid-phase oxidation of
cyclohexane with air oxygen at 150-170°C to a
cyclohexane conversion of 5-7% and a selectivity
for cyclohexanone and cyclohexanol formation
of 70-75% in the presence of cobalt-containing
catalysts [1]. A two-stage method for the production
of cyclohexanone and cyclohexanol includes
autocatalytic liquid-phase oxidation of cyclohexane
to cyclohexyl hydroperoxide containing 3-5 wt %
and subsequent homogeneous catalytic decomposition
of cyclohexyl hydroperoxide to the target products
in an alkaline medium in the presence of cobalt

salts [2]. The scientific basis of the chemistry and
technology of the latter method for producing
cyclohexanone and cyclohexanol were developed
at the Research and Design Institute of Nitrogen
Industry and Products of Organic Synthesis
(GIAP, Russia) by V.V. Lipes and his colleagues
during the 1980s [3—4].

A distinctive feature of the two-stage process
is the higher selectivity of target product formation
(97-99%), achieving a 94-96% conversion of
cyclohexyl hydroperoxide. However, among the significant
disadvantages of this cyclohexane oxidation method
are included the formation of a large amount of
alkaline waste as a result of neutralization of acids
contained in the oxidation products, as well as the
irreversible loss of oxygen (up to 50%) contained
in the hydroperoxide fragment.

In order to improve the economic and technological
efficiency of this approach for cyclohexanol and
cyclohexanone production the alkali-catalytic cleavage
of cyclohexyl hydroperoxide can be replaced with
the use of hydroperoxide to epoxidate olefins, among
which cyclohexene is of greatest interest (Scheme).
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Scheme. Reaction of cyclohexene epoxidation with hydroperoxide.

Epoxycyclohexane formed along with cyclohexanol
and cyclohexanone as a result of the epoxidation
reaction is used in the production of epoxy resins
and photoreactive polymers, pesticide acaricides,
surfactants, and rubber additives [5—7]. A promising
use of cyclohexane epoxide lies in its enantioselective
transformation into chiral 1,2-aminocyclohexanol
or 1,2-diaminocyclohexane, representing chemical
building blocks for the preparation of natural and
synthetic biologically active molecules, including
amino acids [8, 9]. The epoxide can be used as
such or converted into cyclohexanol or cyclohexanone
for subsequent processing into adipic acid or
e-caprolactam  [10-12].  Unreacted cyclohexene
following hydrogenation can be sent for oxidation.

The aim of the present work is to study
the regularities of cyclohexene epoxidation with
cyclohexyl hydroperoxide.

MATERIALS AND METHODS

The following reagents were used in this study:
cyclohexanol (reagent grade, TU-2632-185-44493179-2017)
and cyclohexane (reagent grade, TU 2631-204-44493179-2016,
EKOS-1, Russia), sulfuric acid (reagent grade,
GOST 4204-77', Sigma Tek, Russia), ammonium
molybdate tetrahydrate (reagent grade, GOST 3765-78%,
Khimsintez, Russia), propylene glycol (TU 2632-146-44493179-11,
EKOS-1, Russia), acetic acid (reagent grade, GOST 61-75°)
and potassium oxide (reagent grade, GOST 4232-74%,

' GOST 4204-77. State Standard of the USSR. Reagents.
Sulphuric acid. Specifications. Moscow: Standartinform; 2006.

2 GOST 3765-78. State Standard of the USSR. Reagents.
Ammonium molybdate acid. Specifications. Moscow: IPK
Izdatelstvo standartov; 1998.

3 GOST 61-75. Interstate Standard. Reagents. Acetic
acid. Specifications. Moscow: Standartinform; 2006.

4 GOST 4232-74. Interstate Standard. Reagents.
Potassium iodide. Specifications. Moscow: Standartinform; 2006.

Spektr Khim, Russia), sodium hyposulfite (analytical
grade, GOST 27068-86°, Uralkhiminvest, Russia),
sodium hydroxide (analytical grade, GOST 4328-77¢,
Kaustik, Russia), phenolphthalein (analytical grade,
TU 6-09-5360-88, Spektr Khim, Russia).

The main method for analyzing the reaction
mass was gas-liquid chromatography (GLC) carried
out on a Chromatec-Crystal 5000.2 chromatograph
(Chromatec, Russia) with a flame ionization detector.
A 30-m capillary column SK-5 having a diameter
of 032 mm was filled with 5% phenyl/95%
dimethylpolysiloxane. Nitrogen was used as a carrier
gas at a flow rate 2 cm’/min. The programmed
temperature rise was from 80 to 200°C at a rate
of 8°C/min.

The identification of the obtained compounds
was carried out by infrared (IR) spectroscopy on a
Spectrum RX-1 Fourier transform IR spectrometer
(PerkinElmer, USA). Mathematical processing of
the spectra was carried out using the IBM Spectrum
Scale, v.5.0.1 program provided by PerkinElmer.
Spectra were recorded in the range of 4000400 cm™!
in the form of a microlayer between potassium
bromide glasses and in a potassium bromide cuvette
with a layer thickness ¢ = 0.0011.

The hydroperoxide content in the oxidation
products was determined by the iodometric titration
method [13] based on hydroperoxide reduction with
potassium iodide in an acidic medium. The amount
of iodine released as a result of the reaction was
titrated with a solution of sodium thiosulfate.

The content of carboxylic acids formed along
with hydroperoxide in the process of cyclohexane
oxidation was determined by the titrimetric method

5 GOST 27068-86. Interstate Standard. Reagents.
Sodium thiosulphate, 5-aqueous. Specifications. Moscow: IPK
Izdatelstvo standartov; 1998.

¢ GOST 4328-77. Interstate standard. Reagents.
Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo
standartov; 1978.
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based on the neutralization of an aqueous extract
obtained from a certain organic layer mass using
a solution of sodium hydroxide in the presence
of the indicator phenolphthalein according to the
method described by KuibyshevAzot. Russia.

EXPERIMENTAL

Cyclohexene was obtained by cyclohexanol
dehydration in the presence of concentrated sulfuric
acid at 110-120°C for 1.5 h. The process was
carried out in a Wurtz flask placed in a glycerol
bath and equipped with a Weigel-Liebig refrigerator.
Water and cyclohexene formed during the reaction
were evaporated, condensed in a direct refrigerator,
and collected in the receiver. The target product
was isolated from the reaction mass by vacuum
rectification at a temperature of 83—-85°C and a residual
pressure of 0.8-0.9 atm. The yield of cyclohexene
was about 80%; its structure was confirmed by GLC
and IR spectroscopy. The IR spectrum of the
synthesized cyclohexene displays the characteristic
bands of stretching vibrations of C-H bonds
with bands at 3022 and 2925 cm™. The presence of
a C=C bond in the structure is confirmed by the
band at 1652.93 cm'. Deformation vibrations
of the —-CH, bond are characterized by bands
at 1446.15 and 1437.73 cm ™.

Liquid-phase oxidation of cyclohexane to
hydroperoxide with air oxygen at a system pressure
of 25 atm was carried out at 160-170°C in a steel
reactor set up for the oxidation of liquefied
hydrocarbon gases (Fig. 1) according to the method
described in [14, 15] while simulating the conditions
of high-temperature oxidation of cyclohexane by
KuibyshevAzot.

The approximately 1.5 wt % cyclohexyl
hydroperoxide obtained in the oxidation products,
which was concentrated by vacuum rectification at
a temperature of 65-70°C and a residual pressure
of 0.15-0.2 atm to 5 wt %, was used for subsequent
research purposes.

Cyclohexene  epoxidation  with  cyclohexyl
hydroperoxide was carried out in a closed-flow
installation (Fig. 2) made available at the Department
of General and Physical Chemistry of Yaroslavl
State Technical University. A mixture containing
calculated amounts of fortified cyclohexane oxidate
with a hydroperoxide content of 5 wt % was loaded
into a glass reactor having a capacity of 10 cm?
along with cyclohexene and the catalyst. Air was
supplied at atmospheric pressure. The process was
carried out at a constant temperature and continuous
stirring [16].

Ammonium paramolybdate (NH,),Mo.0O,,-4H,0
dissolved in propylene glycol was used as a catalyst

; -

Fig. 1. Scheme of a setup for the oxidation of liquefied
hydrocarbon gases [14, 15]: (/) autoclave; (2) electric
furnace; (3) magnetic stirrer; (4) electromagnet; (5) fridge;
(6) rheometer; (7) reducer; (8) compressed air cylinder;
(9) air discharge; » <« adjusting valve.

for cyclohexene epoxidation with cyclohexyl
hydroperoxide. The process was carried out according
to the method described in [17] in an electrically-
heated, round-bottomed, four-neck 150-mL flask
equipped with a reflux condenser, a thermometer,
a stirrer, and a bubbler for purging the reaction
mixture with air.

RESULTS AND DISCUSSION

Although information concerning the regularities
of olefins epoxidation with hydroperoxides is
abundant, there is practically no data relating
to the process of cyclohexene epoxidation with
cyclohexyl hydroperoxide in the scientific and
technical literature. However, the synthesis of
cyclohexanol and cyclohexanone together with
epoxycyclohexane by epoxidizing cyclohexene with
cyclohexyl hydroperoxide is described at a conversion
of the latter of 60-65% on a heterogeneous Ti/Si
catalyst at 80°C [18, 19]. The limited number of
scientific studies and publications on the above
problem is primarily due to the difficulties of
obtaining cyclohexane hydroperoxide, as well as
its extremely low stability during storage and
transportation.

The study of the patterns of cyclohexene
epoxidation using cyclohexyl hydroperoxide was
preceded by a study of the conditions for high-
temperature oxidation of cyclohexane to cyclohexyl
hydroperoxide, as well as its concentration and
production in larger quantities. This problem was
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Fig. 2. Scheme of the setup for cyclohexene epoxidation with cyclohexyl hydroperoxide [16]:
(1) measuring cylinder; (2), (12), (15) valves; (3), (10) gas burettes; (4) connecting hose; (5) reactor holder;
(6) reactor; (7) connecting rod; (8) electric motor pulley; (9) fridge; (/1) calcium chloride tube; (/3) three-way cock;
(14) pressure bottle; (/6) thermostat; (/7) vacuum setup.

solved by carrying out liquid-phase oxidation
of cyclohexane under conditions as close as possible
to those used at KuibyshevAzot.

A study of the influence of temperature and
reaction duration on cyclohexyl hydroperoxide
formation (Table 1) showed that at a temperature
of 160°C, an increase in the process duration from
20 to 40 min increases the content of cyclohexyl
hydroperoxide slightly; in this case, the content
of carboxylic acids formed along with the target
products increases by a factor of six. A subsequent
increase in temperature leads to a significant decrease
in the process selectivity due to the formation
of a large quantity of carboxylic acids.

Thus, the possibility of achieving a hydroperoxide
content in the oxidate of 1.5 wt % with a minimum
content of carboxylic acids at a temperature of 160°C,
a pressure in the system of 25 atm and a reaction
duration of 20 min is demonstrated. This is consistent
with the indicators of the oxidation process at
KuibyshevAzot. After increasing the cyclohexyl
hydroperoxide content in the oxidate to 5 wt %

according to the method given in the Experimental
section, the product was used for cyclohexene
epoxidation. In [18], cyclohexene epoxidation was
carried out using cyclohexyl hydroperoxide isolated
from the products of cyclohexane catalytic oxidation
using a NaOH solution.

In order to determine the most favorable
conditions for carrying out the epoxidation reaction,
the influence of the molar ratio of reagents, catalyst
concentration, and temperature on the yield of target
products and hydroperoxide conversion was studied.
The results obtained are presented in Figs. 3 and 4
and in Tables 2 and 3.

One of the factors that significantly influences
both the yield of target products and the rate of
hydroperoxide conversion is the molar ratio of
cyclohexyl hydroperoxide and cyclohexene (Fig. 1).
Changing this ratio from 1:1 to 3:1 increases the yield
of epoxycyclohexane with respect to reacted
hydroperoxide from 30-35% to 75-80%. In this
case, the selectivity of cyclohexanol and
cyclohexanone formation increases to 99.5%.
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Table 1. Influence of various parameters on cyclohexane oxidation. Pressure is 25 atm

Concentration, wt %
Temperature, °C Reaction time, min
Cyclohexyl hydroperoxide Carboxylic acids
20 1.5 0.06
160 30 1.6 0.27
40 1.7 0.36
170 20 1.5 0.14
o 100 ¢ 100 From analyzing the influence of temperature
5 — E < and cyclohexene epoxidation duration (Table 2) it
=) sor 2 l 80 g’i was shown that complete conversion of cyclohexyl
> 60 L ¢ 2 &  hydroperoxide cannot be achieved at 80°C even
=] . .. .
g S8 after 3 h of reaction. In addition, a low yield of
s 40 r 140 < £ epoxycyclohexane is observed. By increasing the
5 1 % &  temperature to 90°C, the process was significantly
% 20 t 20 . . . .
g intensified due to the increased conversion of
i : : : : : 0 cyclohexyl hydroperoxide from 65% to 95%.
0 1 2 3 4 5 6

[Cyclohexene]:[Cyclohexyl hydroperoxide], mol/L

Fig. 3. Influence of the molar ratio of cyclohexyl
hydroperoxide and cyclohexene on cyclohexene
epoxidation with cyclohexyl hydroperoxide
at a temperature of 90°C and a catalyst concentration
0f 0.00013 g/atom of Mo per 1 g of hydroperoxide:
(1) yield of epoxycyclohexane;

(2) yield of cyclohexanol and cyclohexanone.
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Fig. 4. Influence of temperature on cyclohexene
epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3, the catalyst
concentration is 0.0005 g/Mo atom
per 1 g of hydroperoxide: (/) 80°C; (2) 90°C.

Under these conditions, no boiling of the reaction
mass was observed. Conversely, lowering the
temperature to 70°C significantly reduces the
reaction rate. Thus, the most favorable temperature
is 90°C.

Reducing the catalyst concentration from 0.0005
to 0.00003 g/Mo atom per 1 g of hydroperoxide
results in a decrease in the conversion of cyclohexyl
hydroperoxide and in the yield of epoxycyclohexane
(Table 3). Thus, a yield of epoxycyclohexane of
about 82% is achieved with an ammonium
paramolybdate content of 0.00013 g/Mo atom
per 1 g of hydroperoxide. Further reduction of
the catalyst concentration is impractical due to a
decrease in the yield of epoxycyclohexane,
while increasing catalyst concentration above
0.0005 g/Mo atom per 1 g of hydroperoxide is not
economically feasible.

Based on the obtained experimental data,
the following conditions can be recommended
for cyclohexene epoxidation with cyclohexyl
hydroperoxide: temperature is 90°C; reaction
duration is 90 min; ammonium paramolybdate
content is 0.00013 g/Mo atom per 1 g of
hydroperoxide. Under these conditions, cyclohexyl
hydroperoxide conversion is 85%, while the
yield of epoxycyclohexane is about 82%, and the
yield of  cyclohexanol and  cyclohexanone
15 99.5%.
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Table 2. Influence of various parameters on cyclohexene epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3. The catalyst concentration is 0.0005 g/Mo atom per 1 g hydroperoxide

120 55.3 96.0 35.0 4:1
80 150 65.0 99.0 38.0 3:1

180 68.0 99.2 45.0 5:1

60 33.0 98.0 75.0 4:1

90 94.5 99.1 80.0 4:1
90

120 95.5 99.3 78.0 4:1

150 96.0 99.4 75.0 2:1

Table 3. Influence of catalyst concentration on cyclohexene epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3, temperature is 90°C, reaction time is 90 min

0.00003 77.0 76.2 65.0 1:1
0.00013 85.0 99.5 82.1 4:1
0.00025 87.0 99.4 99.5 4:1
0.00050 95.0 94.5 99.1 4:1
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Ekaterina A. Kurganova, Aleksandr S. Frolov, Sergei A. Kanaev, et al.

CONCLUSIONS

The possibility of producing epoxycyclohexane
together with cyclohexanol and cyclohexanone
by epoxidizing cyclohexene with cyclohexyl
hydroperoxide contained in the products of high-
temperature, liquid-phase oxidation of cyclohexane
as an alternative to the process of producing
cyclohexanol and cyclohexanone by alkaline-catalytic
decomposition of cyclohexyl hydroperoxide is
experimentally substantiated.
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Abstract

Objectives. Ferroelectric triglycine sulfate (TGS) belongs to a group of crystals whose properties
are sensitive even to minor changes in growth conditions. The mechanism of spontaneous
polarization in TGS is associated with the adjustment of protons which participate in the
formation of hydrogen bonds. Therefore, the state of the parent solution plays an important
role in the crystal formation. The study aims to investigate the structural features of
TGS crystals grown using aqueous alcoholic solutions of technologically processed antibodies
to interferon-gamma, in comparison with those of the crystals grown using the control
solutions (technologically processed phosphate-buffered saline and intact aqueous alcoholic
solution).
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Methods. X-ray diffraction assay and Raman spectroscopy.

Results. The effect of solutions of the technologically processed antibodies to interferon-
gamma added to a parent solution on the growth of TGS single crystals is established. This
effect manifests in the changing in occupancy of the proton sublattice of the crystal grown from
the parent solution containing technologically processed antibodies to interferon-gamma, as
compared with the crystals grown from the control solutions. In the case of the crystal grown
from the solution containing technologically processed antibodies to interferon-gamma,
this change in the occupancy of the proton lattice is expressed in an increase in the length
of N2—-C3 bonds.

Conclusions. Adding the technologically processed antibodies in the parent solution before
the crystal growth can affect the structure of TGS crystals.

Keywords: technologically processed antibodies, triglycine sulfate, single crystal, X-ray
diffraction assay, Raman spectroscopy
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HAYYHAS CTATbsA

Bausinue no0aBjaeHus B MATOYHbIN PACTBOP TEXHOJIOTHYECKHU
OTPA0OTAHHBIX AHTUTEJ K HHTEP(QEePOHY-TaMMa HA CTPYKTYPHbIE
0CO00CHHOCTH BBIPAIIMBAEMbIX U3 3TOI0 PACTBOPA KPUCTAJLIIOB
TPULVIMIUHCYAb(paTa

I'.0. Crenaunos'!, H.H. Poauonosa'”, P.P. KoucrauTuuos!, K.A. Cyo6oTun?3

THTI®d MATEPHA ME/THKA XOAIHHI», Mockea, 129172 Poccust

2HHecmumym obwieti pusurxu um. A.M. IIpoxoposa PAH, Mocksa, 119991 Poccust

3Pocculickuii xumurko-mexHosozuueckuli ynugepcumem um. /1.1. Mexoeneesa, Mockea, 125047
Poccus

" Aemop ons nepenucku, e-mail: rodionovann@materiamedica.ru

AHHOMAuus

IMenu. CezHemoanexmpurx mpuenuyuHcyavgpam (TI'C) omHocumesi K epynne KpuCmasios,
ceolicmsa Komopblx uyecmeumenbHbl 0aiKe K He3HAUUMEeNbHbIM USMEHEHUIM YCA08UL NONY-
yeHust. MexaHusm 603HUKHO8eHUSL CnOHMAHHOU noaspusayuu 8 TI'C ceszaH ¢ ynopsiooue-
HUeM NPOmMoH08, Yuacmayrouux 8 o6pa3o8aHuUl 8000POOHbLX cesi3eli, N0IMOoMY NpuU PopMUpo-
8AHUU KPUCMANLA 80IKHA POSb COCMOSIHUSL MAMOUHO020 800H020 pacmeopa. Llenb pabomer —
usyuums cmpykmypHole ocobeHHocmu kKpucmasanog TI'C, evblpawieHHblX ¢ npume-
HEHUem  B800HO-CNUpPMO8020  pacmeopa  mexHoao2U4Uecku  ob0pabomaHHbLX  aHmumen
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K UHmMepgepoHy-2amma, no CPAsHEeHUI0 C MAKO8bLMU Y KPUCMAJLILO08, 8blpAULeHHbLX C NPpUMeEHe-
HUeM KOHMPOALHLIX pacmeopos (mexHosozuuecku-obpabomarHozo pacmeopa gochamHo-
coegoz2o0 bygepa u uHMAaKmMHO20 800HO-CNUPMOBO20 PACMBOPA).

Memoovbl. PermezerocmpykmypHblil AHAAU3 U CNEKMPOCKONUS KOMOUHAYUOHHO20 PACCESTHUSL
ceema.

Pesynomameut. [loka3aHo 6/UsIHUE PACMEOPO8 MeXHOJ02UUecKU 06pabomaHHblX aHmumesn
K UHmMepgepoHy-2amMma, NPUMEHABULUXCS. NPU U320MO8eHUU MAMOUHBbIX PACME0PO08, UCNOJb-
308aHHbLIX Npu eblpawusaHuu rpucmannos TI'C, Ha cmpykmypHsle ocobeHHoCmuU Smux
Kpucmasanos. JaHHoe 8aUsHUE 8blpAIXKAemcst 8 UsMeHeHUU 3acesieHHocmell NPOomoHHOU noo-
peuwlemKu KpUCmaJanios, 8blpauleHHbIX U3 pacmaeopa, cooeprkauiezo mexHosozuuecku obpabo-
maHHble aHMumena Kk UHmepgepoHy-2amma, no CPpasHeHUIo ¢ KPUCMaaiamu, 8blpauleHHoimu
U3 KOHMPOJIbHBLX PACMB0PO08, U NPOABAAEMCSL 8 YysenuueHUuu OnuHsl ceaseii N2-C3.

Bwieoodst. /Jobaenerue mexHoiozuuecku 06pabomaHHblX aHmumesa K MAmouHomy pacmeopy,
UCNONB3YEeMOMY ONSL BbIPAULUBAHUS. KPUCMAILIO8, CNOCOOHO 0KA3bl8AMb 8AUSHUE HA CMPYKMYPY
Kpucmannos TI'C.

Knroueesle cnoea: mexHONI02UUECKU o6pa6omaHHbLe aHmumeJia, mpuaﬂuuuucyﬂbqbam,
KpucmaJsin, peHmzeHocmpyrcmyprLﬂ aHaius, cnexkmpocrKonusi KO.M.6LLHal.l,uOHHOZO paccestHust

ceema

Jnsa yumuposanusn: Crenanos I.0., Pononosa H.H., Koncrantunos P.P., Cy660otun K. A. Biusinue no0aBineHus B MATOUHBIN
pacTBOp TEXHOJIOTUYECKH OTPAOOTAHHBIX AHTUTEN K MHTEp(EPOHY-raMMa Ha CTPYKTYPHBIE 0COOCHHOCTH BBIPALIIMBAEMbBIX M3 3TOTO
pacTBopa KpHCTAIJIOB TPUIIHIMHCYIb(ara. Tonkue xumuueckue mexunonoeuu. 2023;18(6):517-533. https://doi.org/10.32362/2410-

6593-2023-18-6-517-533

INTRODUCTION
Triglycine sulfate (TGS) is a well-known
ferroelectric  which  finds wide application in

electronics and other fields. The properties of
ferroelectrics are sensitive to even slight variations
in synthesis conditions [1]. TGS consists of three
glycine molecules and one sulfate anion. Glycine,
due to its amphoteric nature, presents positively
charged glycinium cations NH,"CH,COOH in acidic
solutions, negatively charged anions NH,CH,COO"
in alkaline solutions, and bipolar zwitterions
NH,"CH,COO" in a neutral medium. Thus, two
glycinium cations chemically bonded to sulfate
ions and one zwitter ion are present in the structure
of TGS. Carboxyl groups, amino groups, and sulfate
ions are connected to each other in the crystal by
a complex network of hydrogen bonds [2] (Fig. 1).
Since the mechanism of spontaneous polarization
in TGS is related to the ordering of protons
involved in the formation of hydrogen bonds [3],

the role of the state of aqueous or aqueous alcoholic
solution (AAS) of TGS during crystal growth from
this solution cannot be overestimated. In particular,
it has been previously shown that the amount of
water and its structural localization in the crystal
at low and high temperatures differ. TGS crystals
grown at room temperature (20°C) contain about 9 wt %
of water, whereas when growing the crystal at
temperatures below 0°C, the water content reaches
almost 19 wt %. Most of the water is located in
microinclusions rather than in the form of solid
solution [1, 4-5].

The technological processing (TP) of solutions
of various substances includes multiple consecutive
dilutions accompanied by intensive vibration treatment.
It can lead to changes in various physicochemical
properties of TP substances. A large number of
dilution steps leads to a theoretical reduction of the
concentration of the initial substance in the solution
of at least 10** (i.e., the resulting solution may
contain only single molecules of the dissolved
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Fig. 1. Glycine groups and intermolecular hydrogen bonds (represented by lines-dots) in the TGS molecule (a)
and a schematic representation of the glycine cation (b).
Structurally equivalent atoms are indicated by the same numbers.
Figures are created in Mercury soft (Cambridge Crystallographic Data Center, United Kingdom).

substance or not contain them at all). Despite this,
such a solution differs in its physicochemical
characteristics from the characteristics of the
solvent: water or AAS [7-13]. A change in the nature
of hydrogen bonds between water molecules in
the substance, which has undergone this treatment,
is also shown in comparison to usual water [13-20].

It was shown at the example of TP-antibodies
(TP-Abs) to interferon-gamma (IFN-y), that their
biological effects are based on the modifying
action of TP-Abs on its target [6, 21]. This is
attained through the influence on the hydrate shells
surrounding the protein in aqueous solution [22].
Thus, since TP affects the solution properties by
changing the hydrogen bonds, which in turn are
involved in the occurrence of spontaneous polarization
in TGS, it can be assumed that the TP solution
will also affect the structure of the crystal grown
in such an aqueous solution, whose new properties
may be fundamental for the realization of the effect.

The aim of this work is to study the
structural ~ features of TGS  crystals grown
using AAS of TP-Abs to IFN-y in comparison
with  those of crystals grown wusing the
technologically treated phosphate-buffered saline
(PBS) or intact AAS. The study was carried out
by X-ray diffraction (XRD) assay and Raman
spectroscopy.

MATERIALS AND METHODS

Solvents for crystal preparation

In the process of crystal growth, the following
types of aqueous alcoholic solvents for preparations
of the parent solutions were used:

1) AAS of Abs to IFN-y subjected to the process
of gradual reduction of their initial concentration—
TP-Abs to IFN-y. The technique of obtaining of
the TP-Abs to IFN-y is as follows: the preparation
of Abs to IFN-y solution (2.5 mg/mL) was mixed
with aqueous solution of ethyl alcohol (36 vol %) in
a ratio of 1:100 with intensive vibration treatment
to obtain the first centesimal dilution. All the
subsequent dilutions contained one part of the
previous solution and 99 parts of AAS, and intensive
vibration treatment was applied at each subsequent
dilution stage. Finally, the sample obtained was a
mixture of centesimal dilutions: 12th, 30th, and
50th. More detailed description of the TP-Abs to
IFN-y preparation technique can be found in [7].

Based on the overall dilution ratio, the theoretical
concentration of Ab in the final solution should
not exceed 2.5:-10* mg/mL. However, according
to physicochemical studies, for samples made with
use of the high dilution preparation technique, this
estimate may be incorrect due to the non-linear
decrease in the concentration of the dissolved
substance. In fact, it was shown that even at dilutions
lower than 10%-fold, the dissolved substance
molecules can be retained due to the flotation effect
[23, 24]. Abs to IFN-y were produced in accordance
with the current European Union Good Manufacturing
Practice (GMP) requirements for starting materials'
by AB Biotechnology (Edinburgh, United Kingdom).

! Europea U. Directive 2004/27/EC of the European
Parliament and of the Council of March 31, 2004 Amending
Directive 2001/83/EC on the Community Code Relating to
Medicinal Products for Human Use. Official Journal of the
EuropeanUnion.L.2004;136:34-57. URL: https://eur-lex.europa.
eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004L0027.
Accessed November 01, 2023.
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2) Placebo control solution in AAS was
prepared using a similar dilution procedure applied
to the PBS solution prepared from PBS tablet
(Sigma-Aldrich, USA), pH=17.2.

3) Intact control solution was an AAS, not
subjected to any additional treatment.

All the solutions were prepared using water
obtained with the Milli-Q purification system
(Millipore, Darmstadt, Germany) and checked for
possible impurities by fluorescence spectroscopy
and specific conductivity measurements. The sample
manufacturer is GMP certified, in order to ensure
strict adherence to sample preparation protocols.
All samples were prepared under clean conditions
(purity class D) in a laminar flow hood using
sterile automatic pipettes with sterile tips. All the
samples were prepared on the same day by the same
staff member and under the same conditions.
The preparation protocol took into account any
contamination of vials from other glassware,
solvent batches or the atmosphere. This allowed
compensation for the possible effects of variations in
atmospheric pressure and temperature.

TGS crystal growth

Crystalline samples of TGS were grown from
solutions using the above solvents by the method
of gradual temperature reduction. The growth
experiments were carried out in two stages. In the
first stage, seed crystals (up to 3 mm in size)
were prepared by spontaneous crystallization in a
laboratory glass with the natural temperature
reduction. Further, in order to obtain larger crystalline
samples using the seed crystals, a controlled reduction
in the temperature of the parent solution was
carried out in a special laboratory programmable
crystallization unit (crystallizer). The description
of this crystallizer can be found in [25].

Preparation of the seed crystals

At the beginning, parent solutions were
prepared in the crystallizer using the above solvents
containing TP-Abs to IFN-y, TP-PBS, and AAS
with a concentration of 42 wt % TGS. Such solutions
had a saturation temperature of about 40-45°C,
determined by preheating the solution to temperatures
slightly higher than the saturation temperature.
Such overheating was performed, in order to prevent
spontaneous crystallization of the solution during
its pouring into the crystallizer [25].

For the preparation of the parent solutions,
we used TGS of pure grade (Shostka Chemical
Reagents Plant, Ukraine), which underwent additional
purification. Additional purification consisted in
fractional recrystallization in two stages. At the
first stage, a saturated hot solution (prepared using

tridistilled water) was fabricated and then filtered
from the precipitate on a Schott filter No. 3. This
step was followed by spontaneous mass crystallization
overnight with stirring. In the next step, the
crystalline precipitate obtained was again dissolved
in tridistilled water and the above procedure of the
filtration and mass crystallization was repeated. Three
parent solutions of 350 mL each were prepared.

A 50-mL aliquot was taken from each parent
solution at a temperature higher than the saturation
temperature and transferred to a separate laboratory
glass. Here it was spontaneously crystallized for
8 h at a natural temperature reduction to room
temperature  (20°C) without stirring. After the
aliquot cooled down, the remained solution was
decanted from the formed seed crystals.

Preparation of crystals for research

Seed crystals were placed in the parent
solution prepared in the crystallizer at the
above-mentioned  saturation  temperature.  Then
the crystallizer was sealed. After 72 h of holding
the parent solution with the inoculum crystal at
saturation temperature, stirring was initiated at the
temperature decrease. The temperature reduction
was carried out for 14 days according to a special
schedule (the temperature reduction rate was
gradually increased from about 0.1°C/day in the
Ist day to 4°C/day in the 14th day of cooling,
similar to [26]). After that, the crystallizer was
opened, the parent solution was decanted from
the crystals. Then the crystals were removed
from the crystallizer, blotted on filter paper and
air-dried.

The grown crystals had a pronounced natural
cut. After they had been obtained, the crystal
samples were stored in plastic tubes at room
temperature. From the parent solution with TP-Abs
to IFN-y, 4 large SST crystals (with a size in one
direction of more than 5 mm) were grown. From
the parent solution with TP-PBS, 5 large SST
crystals (more than 5 mm) and 5 small crystals (less
than 5 mm) were grown. From the parent solution
with AAS, about 20 small crystals (less than 3 mm)
were grown.

Preparation of crystals for XRD

For each type of solvent three crystal samples
were investigated by XRD. The preparation of
samples for XRD was carried out by splintering
from the main crystal a fragment with the size
not less than 0.1 x 0.1 x 0.1 mm?’. The visually
perfect transparent crystal fragment selected with
the help of an optical microscope was attached
to a glass thread with the help of vacuum
grease (Fig. 2).
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TP-Abs to IFN-y-1

TP-PBS-1

AAS-1

TP-Abs to IFN-y-1

TP-PBS-2

TP-Abs to IFN-y-1

TP-PBS-3

Fig. 2. Photos of TGS crystals pasted on a glass thread for conducting XRD.

In order to determine the quality of the
sample, a preliminary express scan was performed
using the built-in function included in the
CrysAlisPro XRD experiment control software
package (Rigaku, USA)%.

XRD
A Xcalibur, Sapphire 3, Gemini single crystal

diffractometer ~ (Rigaku, Japan), MoK  radiation
(A = 0.71073 A) was used for XRD studies. In the

2 https://www.rigaku.com/products/crystallography/crysalis.
Accessed November 01, 2023.

experiment, ®-scanning with a step of 1° was used.
The exposure was 15 s per step. The angular position
of the CCD detector (54.25°) was chosen to record
the reflections with the best resolution of sind/A = 0.5 A",

The processing of diffractograms (peak search,
determination of unit cell parameters, integration of
reflections intensities) was carried out in automatic
mode in the CrysAlisPro program (Rigaku, USA).
The solution and refinement of the atomic structure
of crystals was performed in the Shelx program
complex using the ShelxLe graphical shell (Shelx,
Germany)*.

> https://www.shelxle.org/shelx/eingabe.php.
Accessed November 01, 2023.
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Methodology for the determination
of hydrogen atoms

Under normal conditions, TGS crystals are in
the ferroelectric phase (Curie point (7)) is 49°C).
This ensures that the crystal is partitioned into
domains possessing spontaneous polarization. Without
additional measures (e.g., imposition of an external
electric field), which are not available for the
instrument configuration used, the XRD results
of such material may contain artifacts related to
twinning. Therefore, the position of only certain
hydrogen atoms in the structure was determined from
electron density difference synthesis. The missing
hydrogen atoms were then added on the basis of
geometric  calculations of characteristic valence
angles in organic compounds. However, in the final
solution of each structure, all hydrogen atoms were
localized and refined according to the so-called
riding model to avoid fluctuations. The N-H, O-H,
and C-H bond lengths, as well as valence angles
and thermal parameters, were fixed. The exact
coordinates are refined parameters and are calculated
according to the standard scheme. The above
approach is generally accepted and enabled us to
avoid problems with the occurrence of distortions
which contradict the fundamental crystallochemical
approaches (e.g., unrealistically short or unrealistically
long bonds between atoms) [3].

Raman spectroscopy

The Raman spectra of crystals were measured
using an Integra Spectra micro-Raman spectrometer

(a)

(NT-MDT, Zelenograd, Russia). The crystal was
placed on a cover glass and positioned on the
slide of an inverted microscope, in order that
the trial laser beam (MSL-III-532 50 mW laser,
Changchun New Industries Optoelectronics
Technology Co., China) fell on the selected facets.
Measurement parameters: excitation light wavelength
532 nm, power on the sample approximately 5 mW,
grating 600, objective lens 5x, recording time of one
spectrum 60 s.

Four crystals grown from a parent solution
containing TP-Abs to IFN-y and two crystals grown
from a parent solution containing TP-PBS were
analyzed. Three natural facets of each crystal were
analyzed. Three spectra were measured from each
facet while moving the crystal slightly across
the slide.

In addition, the facet spectra of a reference
TGS crystal (Fig. 3a), previously grown using
the technique described in [26], were measured.
The TGS reference crystal under consideration
belongs to the monoclinic syngony with the 2/m
point group. This point group is characterized by
open simple shapes: pinocoids and rhombic prisms.
The measured spectra of different faces of the
reference crystal are shown in Fig. 3b. The crystal
faces were conventionally labeled as type 1, 2, or 3
depending on the shape of the spectrum. Based
on the data of [26] with the description of the
basic equilibrium faceting of the TGS crystal, we
can refer I, 2, and 3 type faces to the following
simple forms. By shape and location, the facet
of type I (as well as by the trace from the

Intensity, rel. units

— T T T T T T T
1000 1200 1400 1600 1800

T T T
200 400 600 800

Frequency shift, cm™

(b)

Fig. 3. Standard crystal of TGS (a) and the RAMAN spectra from the characteristic facets of this crystal (b).
The numbers indicate the facets from which the corresponding spectra were recorded.
All Raman spectra are presented here and further as average value + error of the average.
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columnar seed holder) belongs to thepinocoid facet
belonging to the {001} family. The face of type 2
belongs to the family of faces of the rhombic
prism {—111}. The facet of type 3 (neighboring
between facets a and b with indices (100) and (010),
respectively) belongs to the faces of the rhombic
prism {110}.

The faces of the crystals investigated (grown
from the parent solution containing TP-Abs to
IFN-y or TP-PBS) were correlated with the faces
of the reference TGS crystal on the basis of the
correspondence of Raman spectra. For this purpose,
the ratio of spectral bands in the regions of
860-930, 1060-1140, 1360-1440, and 1560-1700 cm™'
was visually evaluated. Comparison of the
investigated crystals of TGS was carried out
on the basis of the spectra of those faces which
correspond to the spectra of the face of type 2
(family of faces of rhombic prism {—111}) of the
standard crystal of TGS.

When processing the measured spectra, we
subtracted the background value obtained by
fitting the baseline with a polynomial function
coinciding with the points of the spectrum minimum.
Then the spectra obtained were normalized by the
intensity of the band with frequency v = 975 cm™
(the most intense band of the spectrum due to
vibrations of the SO, group). After that, we
determined the intensity of peaks with v = 1671 cm™
and 1604 cm ™.

The intensities of maxima on the spectra
obtained from one face of one crystal were averaged.
The mean value and the error of the mean at
each point characterizing the statistical scatter
of the data were given.

Statistical analysis

Analysis and visualization of the data obtained
were performed using the R statistical computing
environment version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria).

Descriptive  statistics were calculated based
on the results of Raman spectroscopy, while
comparison of groups was performed using
Student’s  t-test.  Distribution  normality = was

evaluated by the Shapiro—Wilk test, while homogeneity
of dispersions was evaluated by the Bartlett test.
XRD data were compared using the parametric
Tukey’s criterion.

Differences between the analyzed groups
were considered statistically significant with an
error probability p < 0.05 (i.e., the probability of
obtaining such or stronger differences, provided
that there were no differences between the compared
groups, was less than 5%).

RESULTS AND DISCUSSION

XRD

According to XRD data, all crystals possessed
symmetry corresponding to the space group P2
of the monoclinic syngony, i.e., they did not
contain an inversion center. In all experiments, the
value of the signal-to-noise ratio (A/o)  /(A/o),
was close or strictly equal to zero. This indicates
that these models meet the real minimum of the
least squares method, i.e., the model of atomic-
molecular composition of crystals had been
chosen correctly. The high quality of the crystal
and the correspondence of the found model to the
experimental data are evidenced by the following
values:

* The maximum value of the scattering angles 0
exceeds 36°, indicating a good intensity of reflection
by crystals at far scattering angles. It also corresponds
to the high number of measured reflection intensities
(more than 12000).

* The minimum and maximum residual
electron density in most experiments does not
exceed the absolute value of 0.5 /A’ corresponding
to a high degree of fit of the model to the
experimental data.

* All calculated R-factors (inconsistency factors)
are quite small, also corresponding to a high degree
of model fit to the experimental data.

The structure of TGS is complex and represents
a grid of NH,CHCOOH glycine molecules
and SO, tetrahedrons linked by O-H...O and N-H...O
hydrogen bonds (Fig. 1). The lengths of wvalence
bonds (Table 1), as well as valence angles
(Table 2), were calculated from the XRD data
for the grown TGS samples.

The statistical analysis of the obtained results
revealed statistically significant differences in the
values of N2—C3 bond length between the samples
of TGS grown from solutions containing TP-Abs
to IFN-y and TP-PBS (Fig. 4).

This parameter corresponds to the distance
between the amino group —NH, and the methylene
bridge —~CH,— of the glycine molecule. The nearest
environment of the —NH, functional group, which
is not connected with it by a rigid covalent bond,
is represented by two SO, anions and a similar
grouping of the neighboring glycine molecule. Since
these groupings of atoms include electronegative
elements (O, N) and -electropositive hydrogen,
all the conditions for the formation of hydrogen
bonds between these groupings are met. The
observed difference in the lengths of N2-C3 bonds
can be explained by differences in the proton
occupancy of the positions of hydrogen bonds,
in which the N2 atoms participate.
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Table 1. Lengths of interatomic bonds in TGS crystals grown from various parent solutions, A (measurement errors are
given in parentheses)

TP-Abs to IFN-y TP-PBS AAS
Bond
1 2 3 1 2 3 1 2 3

CI1-N1 1.466(4) 1.466(3) 1.465(3) 1.465(3) 1.476(7) 1.470(3) 1.467(3) 1.472(4) 1.467(3)
C1-C2 1.503(4) | 1.507(3) | 1.504(3) | 1.504(3) | 1.512(8) | 1.505(3) | 1.5003) | 1.500(4) | 1.505(3)
S1-09 1.4647(13) | 1.4664(9) | 1.4654(10) | 1.4652(10) | 1.464(2) | 1.4651(9) | 1.4602(10) | 1.4665(11) | 1.4668(10)
S1-08 1.466(2) | 1.4674(15) | 1.4668(18) | 1.4681(16) | 1.468(3) | 1.4670(15) | 1.4637(15) | 1.4683(19) | 1.4690(17)
SI-010 | 1.4765(19) | 1.4794(14) | 1.4800(17) | 1.4773(16) | 1.477(3) | 1.4777(15) | 1.4732(14) | 1.4775(18) | 1.4788(17)
C3-C4 1.512(4) | 1.5143) | 1.5133) | 1.5113) | 1.500(8) | 1.514(3) | 1.5103) | 1.518(4) | 1.513(3)
N3-C5 1.466(3) 1.470(2) 1.470(3) 1.470(3) 1.473(6) 1.470(3) 1.465(3) 1.470(3) 1.470(3)
C6-05 1.201(3) 1.205(2) 1.201(2) 1.202(2) 1.202(5) 1.201(2) 1.197(2) 1.205(2) 1.206(2)
C6-06 1.303(2) | 1.3026(18) | 1.304(2) | 1.304(2) | 1.2984) | 1.302(2) |1.3013(19)| 1.303(2) | 1.302(2)
C6-C5 1.511(3) | 1.5102(19) | 1.512(2) | 1.5112) | 1.509(4) | 1.5152) | 1.508(2) | 1.512(2) 1.514(2)
S1-07 1.4833(13) | 1.4847(9) | 1.4838(11) | 1.4832(10) | 1.484(2) | 1.4840(10) | 1.4799(10) | 1.4852(11) | 1.4864(11)
01-C2 1.2304) | 1.2293) | 1.2313) | 1.2323) | 1218(7) | 1.2293) | 1.2293) | 1.234(3) | 1.229(3)
02-C2 1.284(4) | 1.287(2) | 1.2853) | 1.286(3) | 1.280(6) | 1.286(3) | 1.282(3) | 1.285(3) | 1.285(3)
N2-C3 1.470(4) | 1.468(3) | 1.467(3) | 1.466(3) | 1.460(7) | 1.461(3) | 1461(3) | 1463(4) | 1.467(3)
03-C4 1.209(4) | 1216(3) | 1216(3) | 12123) | 1223(7) | 1.216(3) | 12093) | 12123) | 1.216(3)

Table 2. Values of valence bond angles in TGS crystals grown from various parent solutions, degrees (measurement errors
are given in parentheses)

TP-Abs to IFN-y TP-PBS AAS
Angle
1 2 3 1 2 3 1 2 3

NI-C1-C2 | 111.4(3) | 111.42(17) | 111.6(2) 111.52) | 110.9(5) | 111.31(18) | 111.25(18) | 111.3(2) | 111.5(2)
09-S1-08 | 111.01(15) | 111.28(11) | 111.15(12) | 111.12(12) | 111.03) | 111.13(11) | 111.27(11) | 111.10(13) | 111.12(12)
09-S1-010 | 110.22(15) | 110.06(11) | 110.21(13) | 110.27(12) | 110.5(3) | 110.30(11) | 110.19(11) | 110.29(13) | 110.18(12)
08-S1-010 | 109.72(8) | 109.78(6) | 109.70(7) | 109.65(7) | 109.68(12) | 109.72(6) | 109.59(6) | 109.74(7) | 109.81(7)
09-S1-07 | 110.26(8) | 110.24(6) | 110.27(7) | 110.29(7) | 110.27(12) | 110.25(6) | 110.26(6) | 110.21(7) | 110.29(6)
08-S1-07 | 108.11(14) | 108.02(10) | 108.07(12) | 108.00(11) | 107.8(2) | 107.99(10) | 108.09(10) | 108.11(13) | 108.00(12)
010-S1-07 | 107.43(14) | 107.35(10) | 107.34(12) | 107.41(12) | 107.53) | 107.36(11) | 107.35(10) | 107.30(13) | 107.35(12)
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Table 2. Continued

TP-Abs to IFN-y TP-PBS AAS
Bond
1 2 3 1 2 3 1 2 3

01-C2-02 | 1262(3) |126.12(19) | 1262(2) | 126.12) | 127.16) | 1262(2) | 126.12) | 125.7(3) | 126.2(2)
01-C2-C1 | 120.4(2) |12049(17)| 120.52) | 120.52(19) | 120.6(4) | 120.68(18) | 120.62(17) | 120.8(2) | 120.5(2)
02-C2-C1 | 1134(3) | 113.40(19) | 113.3(2) | 1133(2) | 1123(5) | 113.12) | 11322) | 113.52) | 113.3(2)

N2-C3-C4 | 110.8(3) | 110.79(16) | 111.02) | 110.82) | 111.7(5) | 111.01(18) | 110.81(18) | 111.12) | 111.0(2)
05-C6-06 | 1252(2) | 125.10(14) | 125.04(17) | 125.09(16) | 125.3(3) | 125.19(15) | 124.99(15) | 124.99(17) | 125.07(16)
05-C6-C5 | 121.6(2) |121.59(14) | 121.71(17) | 121.76(16) | 121.2(3) | 121.64(16) | 121.72(15) | 121.62(17) | 121.51(16)
06-C6-C5 | 113.24(17) | 113.30(12) | 113.25(15) | 113.14(14) | 113.4(3) | 113.17(13) | 113.28(13) | 113.39(15) | 113.43(14)
N3-C5-C6 | 112.17(18) | 111.84(13) | 111.92(15) | 111.97(14) | 111.8(3) | 111.80(14) | 111.87(13) | 111.88(16) | 111.85(15)
03-C4-04 | 1262(3) | 126512) | 12622) | 126.12) | 125.0(6) | 1262(2) | 1263(2) | 126.6(3) | 1262(2)

03-C4-C3 | 1222(3) |121.81(17)| 121.82) | 122.12) | 122.1(5) |121.77(19) | 121.98(18) | 121.72) | 121.9Q2)

04-C4-C3 | 111.53) | 111.71(19) | 111.92) | 111.8@2) | 112.8(5) | 112.0Q2) | 111.7(2) | 111.633) | 111.9Q2)
- 1471 - * correspond to the shape (namely, the ratio of
< spectral bands in the regions 860-930, 1060-1140,
E 1360-1440, and 1560-1700 cm™) of the spectrum of
3 1467 1 the face of the reference TGS crystal, conventionally
& l labeled 2 (Fig. 3b). The intensity of the peak
% 1.463 - at 1671 cm! differs in crystals of different types
= J (Fig. 5b). Therefore, we further compared the

%" intensities of this maximum using statistical methods.
1459 Statistical analysis using the Mann—Whitney
criterion showed that band intensity at 1671 cm™
1.455 ‘ ! ‘ for the samples obtained in the presence of TP-Abs
TGS+TP-Abs to IFN-y TGS+TP-PBS TGS+AAS to IFN-y was statistically significantly higher than

Fig. 4. Average value of the N2—C3 valence bond lengths
for TGS crystals grown from a solution containing TP-Abs
to IFN-y, as well as from control solutions
(Mean =+ Standard deviation (M + Sd)).

* p <0.05 relative to the intensity for TGS crystals
from a solution containing the TP-PBS.

Raman spectroscopy

The measured results of the Raman spectra
of crystals obtained from solutions containing
TP-Abs to IFN-y and TP-PBS are presented in
Table 3. The Raman spectra for each type of crystals
are shown in Fig. 5. The spectra presented in Fig. 5a

the intensity of the band of the same name
for the samples grown in the presence of TP-PBS
(» < 0.05) (Fig. 5c). The vibrational mode at
1671 cm™' in the Raman spectra of TGS crystals
corresponds to the valence vibrations of the C=O
group  (stretching-compression  vibrations)  [27].
These groups of atoms are involved in hydrogen
bonding of individual glycine molecules into chains.
Glycine group G3 is known to be ordered into
chains by means of N3-H3B..0O3 bonds, and
glycine groups G1 and G2 form dimers by means
of O2-H2...H4-0O4 bonds [28]. More active binding
of glycine molecules, with a degree of hydrogen
bond occupancy by protons close to unity at a given
position, leads to decreased intensity of valence
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Fig. 5. (a) RAMAN spectra obtained from the type 2 facet of crystals grown in the presence of TP-Abs to IFN-y
(black line) and TP-PBS (red line). (b) Spectral region on a larger scale. (¢) Intensity of the Raman band
with v= 1671 cm™ for TGS crystals grown from a solution containing TP-Abs to IFN-y (M + Sd);
* p <0.05 relative to the intensity for TGS crystals from a solution containing the TP-PBS.
vibrations of the C=0O double bond. It also leads According to the XRD data, we can observe

to a decrease in the intensity of the corresponding
vibrational mode of the Raman spectrum. Accordingly,
with a decrease in the degree of occupancy of
hydrogen bond positions in glycine dimers and
chains, an increase in the intensity of the vibrational
mode at 1671 cm™' is observed. Thus, this parameter
allows us to indirectly make a comparison between
groups of samples of TGS crystals by the degree
of occupancy of hydrogen bond positions. In this
case it is probable that differences in the intensity
of vibrations and polarizability can be caused by
a small change in the microenvironment of these
bonds in the glycine molecule. The stabilization
of the zwitter-ion conformer most likely occurs
with the participation of one water molecule [29].

Thus, the results of crystal studies by Raman
spectroscopy show that a smaller number of hydrogen
bonds is formed in the sample of TGS crystal obtained
in the presence of TP-Abs to IFN-y.

a change in the length of the N2-C3 bond within
one molecule. TGS crystals are known to manifest a
proton hopping mechanism of proton transfer along
the OH-O hydrogen bonding network [30]. The
differences in the degree of proton occupancy of
hydrogen bond positions can account for the observed
difference in the lengths of N2-C3 bonds. In the
crystal grown in the presence of TP-Abs to IFN-y,
this bond appears to be longer than in crystals grown
from control solutions (TP-PBS and AAS). This
implies a decrease in the number of hydrogen
bonds. This conclusion is supported by the results
obtained in the studies by Raman spectroscopy.
Summarizing the data obtained, we can conclude
that both methods show that a smaller number of
hydrogen bonds is formed in the sample of TGS
crystal when obtained in the presence of TP-Abs
to IFN-y, when compared to crystals grown from
control solutions (TP-PBS and AAS). The action
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Table 3. Intensity of characteristic bands at 1671 and 1604 cm™!

Band intensity at 1671 cm™ Band intensity at 1604 cm™
¥ aﬂ a° z
TE TE TE TE
S8 3 = SR > =
ez S e Sez g=
S SE 2 S« 2 Sk 2 Sw
2 = O » o A 2 =0 v o2
R £l R £
cE e <1 cE e =1
Q @» A Q @» QO w»w a Q @»n
= n « v o n «
- - - -
g £ = g
0.11095 0.08676 0.17695 0.10601
0.12549 0.08759 0.22240 0.09830
0.10790 0.09273 0.17639 0.10012
0.11084 0.10294 0.14632 0.20799
0.07034 0.11127 0.08469 0.24110
0.11334 0.09324 0.13901 0.22482
0.10890 0.08996 0.13426 0.21202
0.13704 0.09287 0.28414 0.22250
0.12293 - 0.25905 -
0.12321 - 0.25545 -
0.12234 - 0.22994 —
0.12176 - 0.22812 -
0.11706 - 0.22272 —
0.09194 - 0.17393 -
0.10321 - 0.11153 —
0.09831 - 0.18336 -
0.09902 - 0.17805 -
0.10156 - 0.17666 -
0.09457 - 0.17712 -
0.10626 - 0.14743 —
0.09664 - 0.14155 -
0.09604 - 0.13451 -
of TP-Abs to IFN-y, not directed on its target, of technological processing. This corresponds to the
is probably due to the influence on the growth of TGS previously obtained data on the realization of the effect
of the aqueous solution which acquired new properties of technologically processed proteins through the
when compared to control solutions in the process influence on the hydrate shells of the target molecule [22].
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CONCLUSIONS

Summarizing the experimental results, we can
conclude that the main effect of TP-Abs solution used
to grow the TGS crystals on the properties of these
crystals consists in changing the properties of the proton
sub-lattice of the crystal. This is a structural component
of the crystal, which is the most sensitive to the effects
of external factors. The significant importance of water
in the electrical properties of crystals has been shown
earlier. Therefore, it will be of further interest to
study not only the structure but also the properties of
crystals grown from AAS subjected to various types of
technological processing.
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Abstract

Objectives. To investigate the swelling of the main types of rubbers used in the rubber industry
in carbon dioxide in a supercritical state (SC-CO,), in order to assess the possibility of obtaining
elastomeric materials with porous structures using fluid technology, based on them.

Methods. The process of swelling of rubbers in SC-CO, and subsequent foaming was carried out
according to a specially developed technique using the original installation. This is a high-pressure
apparatus with transparent windows, allowing for the use of an optical technique to directly measure
the geometric dimensions of samples during swelling and foaming using a digital video camera.
The study of the porous structure of foamed rubbers was carried out using scanning electron
microscopy.

Results. The study established experimental curves of the swelling kinetics in SC-CO, of isoprene,
butadiene, styrene butadiene, ethylene propylene, chloroprene, ethylene acrylate, siloxane, and
organofluorine rubbers. The influence of temperature and pressure on the rate and equilibrium
degree of swelling was studied. The diffusion coefficients of SC-CO, in rubbers of various
chemical natures were also determined.
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Conclusions. It was shown that the equilibrium swelling degree of rubbers in SC-CO, depends
on the chemical nature of rubbers. It does not correlate with the value of their solubility parameters,
changes directly proportional to the diffusion coefficient and increases with increasing temperature
and pressure. It was found that irrespective of the degree of swelling in SC-CO,, all the rubbers studied
are intensively foamed at a sharp pressure drop. The size of the pores formed is tens of microns:
significantly smaller than the size of pores formed when chemical pore formers are used.
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AnHOmMmauyus

ITenu. Hccnedosarue HAOYXAHUSL OCHOBHbLX MUNOE KAYUYKO8, NPUMEHSIIOULUXCSL 8 Pe3UH080l
NPOMbLUNEHHOCMU, 8 OJUOKCUde Y2nepodd, HAXO00SULeMCsl 8 CEePXKPUMUUECKOM COCMOSIHUU
(CK-CO,), 055 oyeHKu 803MOIKHOCMU NONYUEHUS. HA UX OCHO8E 3/IACMOMEPHbLIX MAMepualos
€ NOpUCMBbIMU CMPYKMYPAMU C UCNOABLI0EAHUEM PIHOUOHOU MEXHOI02UU.

Memodut. IIpouecc HabyxaHus kayuykoe e CK-CO, u nocredyrowiee ux ecneHusaHue npogo-
Junu no cneyuanbHo paspabomaHHoll memoouke HA OpPULUHAIBHOU ycmaHoske, npeocmas-
asiowell cobolli annapam 6blcOK020 OA8IEeHUSL C NPO3PAUHBIMU OKHAMU, NO38ONSLIOULUMU
UCNOIb308AMb ONMUUECKYH MEemoOuKYy HenocpeoCmeeHH020 U3IMEePEeHUsl 2e0MempuuecKux
pasmepos 06pa3yoe 8 npouecce HAOYXAHUsL U 8CNEHUBAHUSL C NOMOWbIO UUppoeoll 8udeo-
ramepol. Hcenedosarue nopucmoii cmpykmypsol 8CNEHEHHbLX KAYUYKO8 NPO8OOUNU C NOMOULLIO
cKaHupyrouell 91eKmpPoHHOU MUKPOCKONUU.
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Swelling of rubbers of different chemical natures ...

Pesynemamet. [lonyueHvl sKcnepumeHmasoHole Kpueble kuHemuku Habyxarusi e CK-CO,
usonpeHogozo, bOYmaoueHogozo, OYmaoueH-CMuUpPoOIbHO20, SMUAEHNPONUNLEHO8020, XJIOPO-
NpPeHo08020, IMUNEH-AKPUNAMHO20, CUIOKCAHO8020 U (hmopopeaHuueckozo kKayuykos. Hccre-
dosaHo enusiHUe memnepamypsvl U 0asieHust HA CKOpOCmb U PA8HO8ECHYH cmeneHb Habyxa-
Hus. Onpedenerbl Kospguuuermol dudgysuu CK-CO, 8 Kayuykax pasauuHoll Xumuueckoil
npupoobsL.

Boleoodst. Ilokasaro, umo cmeneHs pasHo8ecHo20 HabyxaHus kayuykos e CK-CO, sagucum om
Xumuuecrkoll. npupoobl KayuyKkos, He Koppeaupyem ¢ 8eAUUUHOU UX Napamempos pacmeopumo-
cmu, U3MEHSIeEmesi NPSIMO NPONOPUUOHANBLHO KodgpduyueHmy ougddysuu u yseauuusaemest ¢
pocmom memnepamypsl U 0a8AeHUsl. YCMAHO8NEeHO, WMO He3a8UCUMO Om cmeneHu HabyXaHus
e CK-CO, ece uccnedosaHHble KayuyKki UHMEHCUSHO 8CNEHUBAIOMCS NPU pe3Kkom copoce oasie-
Hust. Pasmep obpasyrowuxcs nop cocmaensem 0ecsimKu MUKPOH, UMO CYULeCMEEHHO MeHbULe
paszmepa nop, 06pasyroULUXCs NPU UCNONB308AHUU XUMUUECKUX nopoobpazosameneli.

Knroueesvle cnoea: ceepxkpumuueckast QaAoUOHAsT MexXHOA02USl, KAYUYK,

oJuokrcuo yenepooda, HabyxaHue

nopucmocmeo,
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INTRODUCTION

Porous (foamed) elastomeric materials are widely
used in many fields of engineering due to their unique
heat-insulating, sound-insulating and deformation
properties. The presence of a porous structure in
elastomeric materials allows their density to be
significantly reduced and the material intensity of
products to be reduced.

At the present time, chemical pore formers are
mainly used, in order to obtain porous -elastomeric
materials. The gaseous decomposition products lead
to foaming of rubber mixtures, and the subsequent
vulcanization stage defines the formed porous structure.
Russian industry uses oxydibenzene sulfonylhydrazide
and azodicarbonamide as foaming agents: with
a decomposition temperature of 160 and 190°C,
respectively. The disadvantages of porous materials
production technologies using chemical pore formers
are the presence of toxic chemical products in the
porous structures of elastomeric materials. They are

hazardous to humans and the environment, and possess
quite large and poorly regulated pore sizes. It has
a strong influence on the mechanical properties
of elastomeric materials. In addition, the high
decomposition temperatures of foaming agents, at which
the wvulcanization process may start prematurely, and
their high chemical activity do not allow the use of these
pore-forming agents for obtaining porous rubbers from
rubber compounds of a number of formulations.

One of the promising areas for obtaining porous
polymeric materials is the use of fluid technology.
This has been successfully developed in recent years
for the production, modification, and processing of
polymers [1].

The method of porous polymeric materials
production using fluids consists in the swelling of
polymeric material in a substance in a supercritical (SC)
state at elevated pressure. The subsequent sharp pressure
release can lead to the transition of this substance into
a gaseous state and pore formation in the polymeric
material [2].
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Substances in the SC state have intermediate
properties between those of liquids and gases. Thus, unlike
gases, they can dissolve many organic and inorganic
substances; unlike ordinary liquids, SC liquids can shrink
when pressure increases and change their dissolving
ability with changes in pressure and temperature [3—6].

Carbon dioxide in the SC state (SC-CO,) appears
to be the most suitable for elastomeric porous materials
[7, 8]. The solubility parameter of SC-CO, can vary
from 2.7 to 15.0 MJ/m’® with temperature and pressure
changes [9], ie., it is a solvent for polymers of
different chemical natures. Carbon dioxide can change
to the SC state at a relatively low temperature and
low pressure (minimum temperature ~31°C, minimum
pressure ~7.38 MPa). In addition, carbon dioxide is
a non-toxic, non-flammable and relatively inexpensive
substance which exists under normal conditions in
gaseous form, facilitating its removal after the
completion of the foaming process.

Table 1. General characteristics of the investigated rubbers

In the literature, only a small number of publications
contain systematic studies of pore formation processes
in elastomers (mainly in elastomers based on
polyorganosiloxanes) using SC-CO, [10-15].

The aim of this work is to investigate the swelling
processes in the SC-CO, medium of the main types
of rubbers used in the rubber industry, in order to
evaluate the possibility of obtaining elastomeric
materials with porous structures on their basis.

EXPERIMENTAL

Types, trademarks, and some characteristics of
the studied rubbers are given in Table 1.

The research samples were prepared according
to the scheme shown in Fig. 1. The rubbers were
homogenized for several minutes using mixing
rollers with the 1:1.25 friction ratio. Then they
were removed in the form of ~3-mm thick plates.

Rubber type, brand,
No. manufacturer,
and country of origin

p, g/em’ | &, MJ/m?

Mooney
°C | viscosity ML
(1+4) 100°C

Monomer formula T,

Natural, NR STR,
1 | Natural Art & Technology Co., 0.92 16.8
Thailand

(CH,), -72 80-95

Polyisoprene, SKI-3, SIBUR,

Russia 0.91 16.9

(CH,), ~70 75-85

Butadiene nitrile,

BNKS-40 AN, SIBUR, Russia | 00 18.8

[<(CH~CH=CH-H,) (-CH(CN)-] | —20

100-120

Styrene-butadiene,
DSSK-1810F,
Voronezhsintezkauchuk,
Russia

0.97 17.4

[-(CH,~CH=CH-CH,) ~CH(C,H,)-

-90 77-82
-CH,)],

Ethylene-propylene,
SKEPT-50, Ufaorgsintez,
Russia

0.85 15.5

[-CH,CH,],-[-CH(CH,)CH,-], | —58 55-60

Siloxane, SKTV-1,
6 S.V. Lebedev Institute 1.23
of Synthetic Rubber, Russia

7.0-9.0

(R-0) ~(R’~SiO-) ~120 -

Fluorocarbon rubber, SKF-26,

1
HaloPolymer, Russia 1.83 19.0

[-CF,~CH,~CF ~CF—(CF,)], -15 80-105

" Boksha M.Y. Solvent as a prescription factor for managing the process of processing and combining polymers:

Cand. Sci. Thesis (Eng.). Moscow: 2010. 24 p.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(6):534-548

537



Swelling of rubbers of different chemical natures ...

Table 1. Continued

Rubber type, brand, Mooney
No. manufacturer, p, g/em® | &, MJ/m? Monomer formula T,,°C | viscosity ML
and country of origin (1+4) 100 °C
Chloroprene rubber,
Baypren® 611, Arlanxeo _
8 Holding B.V., 1.23 19.2 (-H,C-CCI=CH-CH-), —40 35-48
The Netherlands
Ethylene acrylate rubber,
9 Vamac® Ultra LT, 0.98 - [_CHZCHZ_%[_—[_CCI:;{Z?C_?EIII_{%COOCH})”I_ =30 11
DuPont de Nemours, USA 2 k

Note: p is the rubber density, g/cm’; § is the rubber solubility parameter, MJ/m’ [16-18]; T, is the glass transition

temperature, °C.

-
77

(a)

(b)

(©)

Fig. 1. Scheme of sample preparation for swelling in SC-CO,:
(a) rolling; (b) pressing; (c) three-dimensional coordinates of the sample after pressing.

Calibrated 2-mm thick plates taken from them
were molded in a hydraulic press at a temperature
of 100°C. Samples were cut from the plates thus
obtained in the form of a parallelepiped with
dimensions of ~5 mm in length, and ~3 mm in width.
The direction of compression on the z-axis and
the direction of spreading on the x- and y-axes were
defined in the samples.

The study of the processes of rubber swelling
in SC-CO, and their subsequent foaming was
carried out by means of a specially developed
optical technique of direct measurement of the linear
dimensions of samples in three coordinates. This
uses an original setup as shown in Fig. 2.

The high-pressure apparatus was made in the
form of a steel cylinder with a volume of 0.25 L,
equipped with observation windows made of
borosilicate glass.

In order to record the changes in the sample
sizes occurring during the experiments, a digital

video camera was placed in front of one of the
windows. An electric lamp was installed opposite
the other window to illuminate the samples. At the
beginning of each experiment, the high-pressure
apparatus was dried with compressed air and
purged with high-purity (99.99%) carbon dioxide.
The test samples were placed in the high-pressure
apparatus, heated to a given temperature on
a special stand. After that, carbon dioxide was fed
into the apparatus which at a given pressure and
temperature passed into the SC state. Using a video
camera, changes in the linear dimensions of the
samples in length /, width [, and height / during
their swelling in SC-CO, were recorded. The
accuracy of measuring the geometric dimensions
of the samples was ~5%.

By measuring the linear dimensions of the
samples during the swelling process, the volume
values of the swelling samples were calculated and
kinetic curves of swelling were plotted.
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2
6
8
PLC
X Ethernet
9
PC
//
' 1

CO,

Fig. 2. Principle scheme of the installation for swelling processes in SC-CO,:

(1) carbon dioxide cylinder (60 bar); (2) condenser; (3) pump; (4) heat exchanger; (5) 250 mL high-pressure
apparatus; (6) heating element; (7) solvent collector with cooling jacket; (§) programmable logic controller (PLC);
(9) personal computer (PC). PI4 — pressure gauge; TC3 — temperature controller; FT5 — Coriolis flowmeter;
TE2 and TES — thermoelectric converters; PT6 — pressure transducer; FI7 — rotameter.

Fig. 3. (a) Sketch of the high pressure apparatus: (/) inspection windows; (2) pressure flange;
(3) inlet connections; (4) outlet connections. (b) External view of the apparatus from the side of the inspection window.
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The swelling degree S of samples in SC-CO,
was calculated using Eq. (1):

BT 100%.
V,

0

S = (1)

where V, is the volume of the swollen sample,
V, is the volume of the initial rubber sample.

The change in the size A/ of the samples in the
process of swelling was determined using Eq. (2):

lll‘—’oxloO%,

0

Al = (2)

where /[ is the size of the swollen sample, mm;
[, is the size of the initial rubber sample, mm.

After completion of the process of swelling the
samples up to the equilibrium state, foaming was
carried out. The pressure in the apparatus was
sharply released, and the sizes of foamed samples
were recorded. The study of the porous structure
of foamed rubbers was carried out using scanning
electron microscopy on an EVO 10 electron microscope
(Zeiss, Germany).

RESULTS AND DISCUSSION

The measurements of the dimensions of rubber
samples in the process of their swelling showed
that swelling of samples along the x, y, and z axes
occurs unevenly (Fig. 4). There is a significant
increase in the dimensions of samples along the
z axis corresponding to the direction of compression

of samples during pressing. There is also a small
change in the dimensions of samples along the x and
y axes corresponding to the direction of deformation
of samples during spreading. The reason for
this phenomenon may be the processes of orientation
of rubber macromolecules in the process of its
spreading along the x and y axes during rolling and
pressing of samples [19]. Indeed, as the experiments
(Fig. 5a) have shown, if the pressed samples are not
removed immediately from the press after molding,
but left in the press at elevated temperature (100°C),
which accelerates the transition of oriented rubber
macromolecules to the equilibrium non-oriented
state, the difference in the swelling degrees of the
samples along the three axes gradually decreases and
disappears. Similar regularities are observed when
toluene is used as a solvent instead of SC-CO,.
The degree of swelling of rubber in this solvent
is higher and the orientation effects disappear
faster (Fig. 5b).

As shown by preliminary experiments, the
presence of oriented macromolecules in rubber samples
lowers the value of equilibrium volume swelling
of rubbers. Therefore, in order to investigate the
swelling kinetics, we used samples aged in the press
after molding for at least 3 h at temperatures
of 90-180°C to remove the orientation effects.

Figures 6 and 7 show typical kinetic curves
of swelling of different rubbers in SC-CO,. Their
character indicates limited swelling of all types of
rubbers, when after reaching a certain limit swelling
stops. The swollen samples retain their shape and
a clear interface with the supercritical medium.

As is known, the maximum equilibrium degree
of swelling of polymers is determined by its
nature as well as the nature of the solvent or affinity
between them. In practical terms, the degree is
judged by the proximity of their solubility parameters.

(a)

(b)

(©)

Fig. 4. Swelling of SCTV-1 rubber in SC-CO, at 50°C and 15 MPa:
(a) original sample, (b) 1 min swelling, (c) 10 min swelling.
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Fig. 5. Variation of linear dimensions of SCF-26 fluorocarbon rubber samples in the state
of equilibrium swelling in SC-CO, (a) and in toluene (b) as a function of the time of holding
the samples at 100°C before swelling.

Indeed, as can be seen from Fig. 6, the maximum
degree of swelling (about 100%) is characteristic
of siloxane rubber which has the closest value of
the solubility parameter to the solubility parameter
of SC-CO, (Table 1). Butadiene-styrene, butadiene-
nitrile, ethylene-propylene rubbers, which along
with siloxane rubber belong to the first group of
rubbers, also swell by tens of percentages. The time
to reach maximum swelling for these rubbers is
40-60 min.

A significantly lower degree of swelling (less
than 10%) is observed for the second group of
rubbers, including synthetic and natural polyisoprene,
chloroprene and fluorocarbon rubber (Fig. 7).

120 1

100 -

S, %

0 20 40 60 80 100 120 140 160 180

Time, min

Fig. 6. Kinetic curves of rubber swelling in SC-CO, at 50°C
and 15 MPa pressure: siloxane (/), butadiene-nitrile (2),
butadiene-styrene (3), ethylene-propylene (4),
and ethylene-acrylate (5) rubbers.

In comparison to other rubbers, they have solubility
parameters which differ more from the solubility
parameters of SC-CO,. These rubbers are also
characterized by faster (within 10-20 min) achievement
of the degree of equilibrium swelling. However,
monotonic dependence of the ultimate degree of
swelling on the solubility parameters of rubbers
is not observed.

Butadiene-nitrile and butadiene-styrene rubbers
with solubility parameters almost equal to the
solubility  parameters  of  polyisoprenes  and
fluorocarbon rubber have a significantly higher
degree of swelling and take more time to reach
equilibrium swelling (40-60 min), when compared

0 10 20 3 40 50 6
Time, min
Fig. 7. Kinetic curves of rubber swelling in SC-CO, at 50°C
and 15 MPa pressure: ethylene acrylate (5),

fluorocarbon (6), chloroprene (7),
polyisoprene (8), and natural (9) rubbers.
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to the second group of rubbers. Polychloroprene
differs more in its solubility parameter from SC-CO,
and swells more when compared to polyisoprenes.
A possible reason for this is the specific interactions
of SC-CO, with rubbers of different chemical nature.

Figure 8 shows the influence of pressure
on the swelling kinetics of SCF-26 rubber in SC-CO,.
It can be seen that with increasing pressure from
5.0 to 20.0 MPa, the value of equilibrium swelling
of samples in the medium of SC-CO, increases.

12 4

0 0o o2 0 4 0 6
Time, min
Fig. 8. Time dependence of swelling degree of SCF-26

rubber in SC-CO, at 50°C and pressures of 5 (1),
10 (2), 15 (3), and 20 MPa (4).

Similar dependencies of the equilibrium swelling
value on pressure can be observed for all types
of rubbers (Fig. 9).

As seen in Fig. 10, an increase in the equilibrium
swelling also leads to an increase in the swelling
temperature.

Thus, by varying the pressure and temperature,
it is possible to change the equilibrium degree of
swelling of rubbers in SC-CO,,.

The swelling of polysiloxanes in SC-CO, is
known [8] to occur by diffusion mechanism, and the
siloxane rubber/SC-CO, system obeys Fick’s second
law (3):

de_pd.

dt dx?

)

where ¢ is the concentration of CO, in the polymer,
D is the diffusion factor, cm?/s.

In order to understand the main regularities
of swelling of the studied rubbers in the SC-CO,
medium and to calculate the diffusion coefficients
of SC-CO, in rubbers, it was first of all necessary

S, %

20 A ‘
0 __J—J—L
10 15 20

P, MPa
u NK STR = SKF-26 = BNKS-40

SKTV-1

Fig. 9. Effect of pressure P on the equilibrium swelling
of different rubbers at 50°C.

(=} — (8] w £ w (=)} ~ o) el
L L L L L L L L L
~

0 10 20 30 40 50 60

Time, min

Fig. 10. Time dependence of the swelling degree
of SCF-26 in SC-CO, at temperatures of 40 (/) and 50°C (2).

to establish whether the rubber/SC-CO, systems
under study obey this law, despite the above-
mentioned possible specific interactions between them.

The equation describing Fick’s second law is
known to have a number of solutions depending on
the boundary conditions [20]. If the sample sorbing
SC-CO, has the shape of a plate with thickness 7,
then under the boundary conditions 0 < x < / and
0 < ¢ < ¢, (equilibrium concentration), the solution
of the equation has the form (4):

M, _ i[&f : 4)

M I\ =

©

where M, is the amount of adsorbed substance
over time ¢, M is the equilibrium amount of the
adsorbed substance.
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Assuming [8], the degree of swelling is equal to:

L= ’ (5)

where V is the initial sample volume; V is the volume
of swollen sample over time #; V_ is the equilibrium
volume of the swollen sample.

Equation (5) can be written in the following

For systems obeying Fick’s law, the dependence
% from ¢ should have the form of a straight line,
R
the tangent of the angle of which allows calculating the
value of D [21].
-7

The root mean square dependence Y=t

o 70

swelling time in SC-CO, medium for different rubbers
is shown in Fig. 11.

The data in Fig. 11 indicates that Fick’s second

law is observed for all types of rubbers and SC-CO,.

of

Vo=V o the square root

Fig. 11. Dependence

of the swelling time of sa?hpleos of different rubbers:
siloxane (/), butadiene-styrene (2), butadiene-nitrile (3),

ethylene-propylene (4), fluorocarbon (5), natural (6),

isoprene (7), chloroprene (8), ethylene-acrylate (9).

Seq» %

Table 2 shows the values of diffusion coefficients
of SC-CO, in different rubbers calculated from
the tangent of the angle of slope of the straight
lines presented in Fig. 11.

Figure 12 shows that the diffusion coefficients
depend linearly on the values of the equilibrium
degree of swelling of rubbers.

Thus, the swelling ability of rubbers grows
in direct proportion to the diffusion coefficient
of SC-CO, in them. The experimental data for all
types of rubbers fits into one straight line.
Therefore, it is not the solubility parameter of
rubber but the diffusion coefficient of SC-CO, into
it which may serve as a more accurate characteristic
of the affinity degree of SC-CO, and rubber.

The rubber samples which reached equilibrium
swelling were subjected to foaming. It was found
that all rubbers swollen to equilibrium state
foamed intensively, regardless of their degree of
equilibrium swelling, varying from a few to 100%.

100

60

40 A 4

20 A

1.2 1.4 1.6 1.8 2.0

D x 107#, cm?/s

Fig. 12. Dependence of the equilibrium degree of swelling
of rubbers Seq on the diffusion coefficient D of SC-CO,
in them. (/) Siloxane, (2) butadiene-styrene,

(3) butadiene-nitrile, (4) ethylene-propylene,

(5) fluorocarbon, (6) natural, (7) polyisoprene,

(8) chloroprene, (9) ethylene acrylate rubbers.

The typical porous structure of foamed rubber
samples obtained using SC-CO, is shown in Fig. 13
using a sample from SCF-26 rubber as an example.
For comparison, the porous structure of this
rubber obtained wusing a chemical pore former
(azodicarbonamide) used as a pore former in the
rubber industry is also shown here.

The high uniformity of the porous structure
of the obtained materials and significantly smaller
pore sizes of tens of microns, when compared
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Table 2. SC-CO, diffusion coefficient in rubbers of different chemical nature

Rubber brand Diffusion coefficient D x 1074, cm?/s
NR STR 1.40
SKI-3 1.38
BNKS-40 AN 1.83
DSSK1810F 1.61
SKEPT-50 1.58
SKTV-1 2.12
SKF-26 1.45
Baypren® 611 1.41
Vamac® Ultra LT 1.48

(@

(b)

Fig. 13. Electron micrographs of the structure of SCF-26 foamed rubber samples obtained
using chemical foaming agent (a) and SC-CO, (b).

to the pore sizes of hundreds of microns for samples
obtained with chemical pore formers, indicate
the undoubted advantages of fluid technology in
obtaining finely porous elastomeric materials.

The influence of technological parameters of
foaming of various rubbers in SC-CO, and formulations
of rubber mixtures on the structure of the resulting
porous elastomeric materials will be investigated
in a subsequent report, being prepared for publication
by the authors of this article.

CONCLUSIONS

1. An optical technique has been developed
for studying the process of rubber swelling in supercritical
carbon dioxide using the original setup, consisting in
the direct measurement of geometric dimensions of
swelling samples using a digital video camera. The
experimental study of swelling in SC-CO, of the main
types of rubbers used in the manufacture of rubber
products was carried out using the developed methodology.
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2. The diffusion coefficients of SC-CO, in
rubbers of different chemical nature were calculated
for the first time wusing mathematical modeling
and swelling data.

3. It has been shown that the dependence
of the equilibrium swelling degree of rubbers in
SC-CO, on their solubility parameters is non-monotonic.
This is probably related to the specific interaction of
SC-CO, with some types of rubbers. The equilibrium
swelling degree of rubbers in SC-CO, increases in
direct proportion to its diffusion coefficient and
increases with rising pressure and temperature.

4. It has been established that intensive foaming
occurs when rubber swells in SC-CO, by only a
few percent at a sharp pressure drop. The size of the
pores formed in rubbers is tens of microns, significantly
smaller than the pore size formed when using chemical
pore formers and is an undeniable advantage of the
fluid technology of porous elastomeric materials
production in comparison with the traditional one.
With the help of this technology, all the main types
of rubbers studied here and used in the rubber
industry can be used for production of porous rubbers.
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Abstract

Objectives. To improve the technology for obtaining polymer spray coatings based on
polycarbodiimides (polyureas) by studying changes in the process and operational parameters
due to the introduction of aspartic acid derivatives (AADs) into the composition.

Methods. The process of the production of sprayed and contact polyureas involves a number of
difficulties, not least in terms of the cost of the components and high-pressure equipment. For this
reason, mathematical modeling was used to optimize experimental design. The curing time of the
composition was measured under conditions simulated to be close to actual. After thermostating and
mixing Components A and B in predetermined ratios, the gelation time was measured to represent
the curing time of the composition. The hardness of the material was determined by the Shore method
according to GOST 24621-91. Tensile strength and relative elongation were determined according
to a standard method (GOST 30436-96).

Results. The effect of three AADs on the properties of the finished polyurea was studied.
It was found that the introduction of two of them (AAD-1 and AAD-2) into polyurea in an amount of
up to 40 wt % produces slow-curing (>250 s) polyureas capable of manual application. The finished
products have physical properties on par with machine-poured materials (breaking strength >73 MPa;
tensile strength >23 MPa; elongation >500%). Compiled regression equations were used to construct
graphs of equal levels showing the possible areas of directed modification of the studied compositions.
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Conclusions. AAD can be used as a modifying component for polyurea systems to obtain slow-
curing polyureas with high performance properties, which can be purposefully controlled by
mathematical modeling. The resulting products have commercial value due to their combination
of valuable physical and mechanical properties.

Keywords: polyurea, curing time, polymer coatings, physical and mechanical properties,
mathematical modeling
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AHHOMaAyust

IMenu. CosgepuieHcmeogaHUEe MEXHONI02UU NOAYUEHUS. NOJUMEPHBIX HANbBLASIEMbIX NOKpbimuil
HA OCHO8E NOAUKAPOOOUUMUOO0E (NOAUMOUEBUH), NYyMmeM USYUeHUS 3aKOHOMepHOCMmell usmeHe-
HUSL MEeXHON02UUECKUX U IKCNAYAMAYUUOHHBLX C80UCME8 npu 88edeHuUll 8 cocmas KOMNO3UuyuU
npouseooHsblx acnapazurosoil kucriomet ([1AK).

Memoobut. IIpouecc npouseodcmed HANLUIAEMbIX U KOHMAKMHBLIX NOAUMOUEBUH CONPSIIKEH
¢ psitoom mpyoHocmeti, 21a8HOT U3 KOMOPbLLX SI8SLeMCst CMOUMOCMb UCNONb3YeMblX KOMNOHEH-
mo8 u paboma ¢ 8blLCOKONPOU3B00UMENbHBIM 000pYO08aHUEM BbLCOK020 OA8NEeHUSl, NOIMOMY
asmopamu 66L10 NPeONoIKEeHO UCNOABL308AMb MEeMOo0 MAMEMAMUUECKO20 MOOEAUPOSAHUSL ONsL
OUEeHKU ONMUMAIbHO20 NAAHA NnposedeHUst sKkcnepumeHma. HamepeHrue epemeHu HKUHU
KOMNO3UYUL NPOBOOUNU 8 YCA08USIX, NPUONUIKEHHBIX K PeanbHbiM YCI08USM HAHECEeHUSL.
Komnonernmuolr A u B mepmocmamupo8anu, cmMeuusani 8 3a0aHHbIX COOMHOUWeEeHUsX. 3amem
3amepsiiu  8pemst 2eseobpasoeaHusl, KOmopoe CUUMANU BPEeMEeHeM IKUSHU KOMNOSUUUU.
Teepoocms mamepuana onpedensiiu no memody Illopa no I'OCT 24621-91. IIpourHocmo
U omHocumesibHoe YONUHEeHUEe NPU PACMSIKEHUU ONnpedesisii No CmaHOapmHoil memoouke
(I'OCT 30436-96).
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Pesynomamel. lHccneoosaro enusHue mpex IIAK Ha ceolicmea 20moeoll noAuMOUe8UHbL
U NOKAa3aHO, Umo egedeHue 8 cocmag noaumouesuHsl 0syx uz Hux (ITIAK1 u ITAK2) e konuuecmee
0o 40 mac. % daem 803MOIKHOCMb NOAYUUMb NOJUMOUEBUHBL CO BpemeHem HKUsHU >250 ¢, umo
noseosisiem nepegecmu Ux 8 paspsi0 «MeoOleHHbLX, MO eCcmb CNOCOOHBLIX HAHOCUMbBCS. 8PYUHYHO.
TI'omossble npodyxkmul obradarom usuuecKuMmu C8oUCMeamMu, AHAN02UUHBIMU MAMEPUATAM,
NONYUEHHbIM MEeMOOOM MAUUHHOU 3a1uU8KU (NpouHoCcmbio Ha paspwule >73 MIla, npouHocmsro
npu pacmsokeruu >23 MIla u omHocumensHbom yoaureHuem >500%). CocmaeneHvl ypagHeHUst
pezpeccuu, HA OCHOBAHUU KOMOPbLX NOCMPOEHblL 2PApUKU PA8HbLLX YpO8Hell, nokasvlearouiue
B803MOXKHbLEe obiacmu HaNPAagaeHHOU MOOUPUKAUUU UCCAe0YEeMbLX KOMNOZUUUL.

Buteoout. [Ipumererue ITAK & kauecmsee MOOUPUUUPYIOULE20 KOMNOHEHMA OJst NOJTUMOUECEUH-
HblX cucmem no3eossiem NnoAYyuums «medleHHbler NOJUMOUEBUHBL C 8bICOKUMU IKCNAYAMAUUOH-
HbLMU C80UCMB8AMU, KOMOpble MOXKHO UENeHANPABAEHHO pe2yiupo8ams, UCNONL3YSL Memoo
MaMeMamuueckozo Mooeauposarust. ITIomumo npouez2o, noayueHHsle Npooykmul Hecym & cebe
KOMMepUeckyro UeHHOCMb, mak Kak obnadarom cCO80KYNHOCMbI HYMKHBLIX (PUIUKO-MEXAHU-

yecKkux ceoticma.

Knroueeble cnoea: noiumouesuHda,

epemst XKU3HU,

noAuMepHvle NOKpolMUsl, PUIUKO-

mexaHuuecrKue ceozicmea, mamemamuuecKoe Modeﬂupoeanue

Jlna yumuposanun: Pomanos C.B., borsunosa O.A., TumakoB E.A., Pamynkuna JI.A., ITanos FO.T. MeuieHHbIe OJIMMO-
YEBHHHBIC KOMITO3UIIMU C BHICOKUMHM IKCIUTYaTAl[MOHHBIMU CBOWCTBaMU. ToHKue xumudeckue mexvonoeuu. 2023;18(6):549-558.
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INTRODUCTION

In order to compete in the production of high-
performance finished coatings used as construction
and finishing materials, it is necessary to combine
operational simplicity with process rapidity. Polyurea
coatings are widely used as electrical insulating,
lining, and anti-corrosion materials. However, such
coatings require the use of expensive high-pressure
equipment operated by highly qualified personnel.
While these difficulties do not present a major
hurdle when applying coatings to large surfaces, they
quickly become insurmountable if it is necessary to
apply coatings to small surfaces, e.g., during repair work.
For this reason, there is a demand for compositions
having a curing time of more than 5 min, which can be
manually mixed and applied. Preliminary experiments
showed that the known methods of reducing the
reaction rate (increasing the curing time of the system)
can be used only with the simultaneous reduction
in the performance properties of the finished coatings [1].

The use of aspartic acid derivatives (AADs) as the
amine component for polyurea coatings has recently
been proposed [2—4]. Thus, the present work set out
to study the possibility of obtaining slow-curing high-
performance AAD-based polyurea elastomers.

EXPERIMENTAL

Many studies have shown the potential of
AADs as modifiers for the synthesis of polymers used
to improve the physical and mechanical properties
of finished products. Currently, a large number
of AADs are produced on an industrial scale. This
work used AADs synthesized by the interaction of
unsaturated bisimides with aliphatic and aromatic
diamines. Figure 1 and Table 1 present the AADs
used in this work along with their general formula
and reactivity.

O\C CH,-CH C/O
-CH,-CH-C_
RO | OR
II\IH
X
I
NH
RON | _or

C-CH,-CH-C
7
o/ \O

Fig. 1. General formula of an aspartic acid
derivative (AAD).
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As shown in Fig. 2, AADs react with isocyanates (e.g., polyols and polyetheramines), which are
to form polyurea, which does not contain hydroxyl- collectively called component A of the system.
containing components [3]: Component B of the system comprises substances

The main components of the polyurethane—polyurea belonging to the class of isocyanates, which are
system are hydroxyl- and amine-containing substances responsible for the reaction of urethane formation.

Table 1. Structure of the main chain of AADs and their reactivity

Notation Structure of main chain (X in Fig. 1) Gelation time, h

Methylenebis(2-methylcyclohexane-4,1-diyl)

AAD 1 \ />cH,””

AAD 2 /_\
_/

2-Methylpentane-1,5-diyl

CH,
AAD 3 | 0.1

\/\/\/

0 0
o ol owow b |l
n 0—C=N—R—N=—=C=—=0+1nR0——C—C—N—X—N—C—C—OR —»

R'o—ﬁ—CH2 Hzc—ﬁ—OR'
| n g |l
> —C— —R—N—C—N—X—I|\I— "
“Ne—C—tn He—C— P
ro” | Nor
R'O—C C—OR'

Fig. 2. Reaction to produce polyurea from AADs [3].
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In the experiment, AADs were added to
component A of the system in different ratios,
provided that the index of the system would be in
the range of 1.1-1.2.

The curing time of the composition was
measured under conditions similar to the actual
application conditions. Components A and B were
thermostated and mixed in specified ratios. Then,
the gelation time was measured, which represented
the curing time of the composition. The hardness
of the material was determined using the Shore method
according to GOST 24621-91' with a TVR-A durometer
(VOSTOK-7, Russia). Strength and relative tensile
elongation were determined according to a standard
method (GOST 11262-2017*) with an RKM 2.1
tensile testing machine (Etalon-profit, Russia). Table 2
presents the curing time and main performance
properties of polyureas based on various AADs.

Table 2 shows that the addition of AAD-1 and
AAD-2 makes the compositions capable of being
applied manually. Moreover, the coatings based
on AAD-2 are comparable to classical polyurea in
hardness, and the coatings based on AAD-1 are superior
to classical ones in elasticity. The addition of AADs
in an amount of more than 40 wt % is unjustified
since, in this case, the curing time exceeds several times
the values convenient for work with them. Because
of this, the performance characteristics of the finished

coating are reduced, and the cost of the composition
increases. In order to improve the properties of
polyurea coatings, it was proposed to combine the
two types of AADs.

Since studying the effect of the initial components
in a polyurea composition is known to involve complex
factors and expensive equipment operating at high
pressure for long experimental times [5], it is most
convenient to use mathematical modeling when taking
such factors into account. While there are many methods
of mathematical analysis for processing experimental
data, the active experiment approach is useful for
obtaining accurate data due to the possibility of
processing several input factors simultaneously [6].
The active experiment approach was used in the present
work to reduce the number of necessary experiments
and visually represent the results of the analysis for
further design of the synthesis of products that meet the
specified requirements. Processing of experimental data
to obtain a mathematical model was carried out the methods
of classical regression and correlation analyses [7, 8].

The regression analysis method can be used
if the following conditions are met [6, 8]:

1) the observation results are
normally distributed random variables;

2) the input variables are measured with a small
error in comparison with the error in determining
random variables and are nonrandom;

independent,

Table 2. Properties of coatings based on polyurea in the presence of various AAD

q Curing Shore A Tensile Relative
o
Dutiios £ L) G T time, s hardness, units strength, MPa extension, %
20 850 65 18.5 580
AAD 1
40 3600 58 15.0 615
20 250 75 23.4 531
AAD 2
40 300 73 26.1 505
20 25 85 25.8 520
AAD 3
40 50 92 26.5 390
Without AAD 0 10 78 22.1 550

1 GOST 24621-91. State Standard of the USSR. Plastics and ebonite. Determination of indentation hardness by means of a
durometer (Shore hardness). Moscow: Izdatelstvo standartov; 1992. URL: https://progost.com/gost/001.083.080/gost-24621-91/.

Accessed November 08, 2023.

2 GOST 11262-2017. Interstate Standard. Plastics. Tensile test method. Moscow: Standartinform; 2018. URL: https://docs.

cntd.ru/document/1200158280. Accessed November 08, 2023.
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3) the estimates of the variances of input
parameters obtained under the same conditions are
homogeneous.

To find analytical dependencies between the
main performance characteristics (abrasion, tensile
strength, relative elongation) and the contents of
components of the composition, the experimental
data were processed by the least squares method.

In the work, the mathematical description was
made using a complete square polynomial

- . . o o2 2
Y=b,+bx +b,x, +b,xx, +bx’+box?

where b, b, b,, b,, b,, and b, are regression coefficients;
x, and x, are dimensionless input variables calculated
by the equation

where X, is the dimensionless jth input variable; X is
the dimensional jth input variable; hj is the variation
range of the jth input variable, which is calculated
by the equation

max min
— Xj Xj .
- b

h; 5

X, is the average value of the dimensional jth input

variable, which is calculated by the equation:
Xtrlax + Xr.nin
X 0 = - J ,
2

Table 3. Input data for calculating the regression equation

where X™* and X" are the maximum and minimum
values of the dimensional jth input variable,
respectively.

In the work, a two-factor experiment was carried
out: X, is the content of AAD-1 and X, is the content

of free NCO groups, %. Table 3 presents the values
of these factors for all levels of variation.

RESULTS AND DISCUSSION

The optimal design of experiment was developed
using the MATLAB software (MathWorks, USA)>.
Table 4 presents the extended design matrix and
the experimental values of the properties of the
composition.

To characterize these dependencies, a MATLAB
program was developed, whose input data set
comprises:

1) extended experimental design matrix, the
dimension of which is determined by the number
of input variables and the order of the regression
equation (Table 4);

2) experimental values of output variables in
accordance with the design matrix, which is written
into the program in the form of a column vector;

3) ranges for each input variable.

The input data block comprises:

1) calculated values of the regression coefficients
of the required equation;

2) table of comparison of experimental and
calculated data using the obtained regression equation;

3) variance of the relative mean of the output
variable;

Input variables Input factors
AAD 1 content in component A Fraction of NCO-groups, %
R shifasLton X, wt % X,, dimensionless units X,, % X,, dimensionless units
Upper level 100 15 +1
Lower level 0 10 -1
Zero level 50 12.5 0
Variation step, h 50 2.5 -

3 MATLAB. https://www.mathworks.com/. MathWorks, USA. Accessed November 08, 2023.
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Table 4. Extended planning matrix in coded variables and property values

No. of experiment | x, X, x, | x,xx, | x? | x} (tjll;f:lsg Tensil;/lslt’;ength, Elongation at break, %
1 1 -1 1 -1 1 1 8 22 550
2 1 -1 -1 1 1 1 16 13 1050
3 1 -1 0 0 1 0 14 15 850
4 1 1 1 1 1 1 150 20 580
5 1 1 -1 -1 1 1 280 17 700
6 1 1 0 0 1 0 240 19 650
7 1 0 1 0 0 1 90 19 620
8 1 0 -1 0 0 1 260 16 720
9 1 0 0 0 0 0 210 17 680
4) residual variance; F was assessed with respect to the mean Syf of the
5) Fisher’s exact test; output variable and the residual variance S, :
6) graphic material, including the response

surface obtained from the found regression equation
and the isoline map.

The regression coefficients were calculated using
the developed MATLAB program. The obtained
regression equations are the following:

— for curing time,

Y1 =200.44 + 105.33x1 —51.33x, +

2

+30.5x,x, + 68.67x] + 20.67x; ;

— for tensile strength,
Y2=16.78+1.0x, + 2.5x, +

+1.5x,x, +0.33x] + 0.83x3;

— for relative elongation at break,

Y3 =688.89 —86.67x, +120x, +
+ 95x,x, +56.67x —23.33x;.

The adequacy of the equations was assessed
using the Fisher’s exact test. The adequacy estimate

S?
Feg

where the residual variance was found by the equation

S T\2

Z(yi _y[)

i=1 .
N-K

2 _
res

The variance of the mean of the output variable
was calculated by the formula

> —2

D (=)

Sr=4il
y N-1

where N is the total number of experiments, K is
the number of significant coefficients in the
regression equation, and y are the means.

The calculated values of the Fisher’s exact test
are the following: strength is 191.1; relative elongation
is 54.55; curing time is 32.15. The tabulated value
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Fig. 3. Isoline maps of the main performance characteristics of polyurea coatings based on a mixture
of AAD-1 and AAD-2: (a) for curing time, (b) for tensile strength, and (c) for relative elongation.

of Fisher’s exact test under the corresponding
conditions is 8.8 [7]. As can be seen, the calculated
values of the Fisher’s exact test exceed the tabulated
value; consequently, the equations adequately describe
the process.

Figure 3 presents the isoline map of the
constructed regression functions for the selected factors.

The isoline maps depicted in Fig. 3 demonstrate
the possibility of optimizing the process under study.
The wide variation in the studied properties allows
the composition developers to vary the performance
parameters of the finished product depending on
customer requirements. Importantly, throughout the
studied range of properties, coatings of satisfactory
quality were obtained.

CONCLUSIONS

This study showed that the use of AADs
can increase the curing time to the 5 min required
by the consumer. By introducing two of them
(AAD-1 and AAD-2) in an amount of up to 40 wt %,

it is possible to obtain polyurea compositions with
a curing time >250 s, a breaking strength >73 MPa,
tensile strength >23 MPa, and a relative elongation
>500%.

According to the two-factor experimental design,
regression equations were compiled for each of the
studied properties. The adequacy of the equations was
determined by the Fisher’s exact test. Isoline maps
constructed on the basis of the equations are used to
form to model polyurea compositions over a wide
range of performance properties in accordance with
customer requirements.
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Abstract

Objectives. To develop a new green method for the synthesis of nanosized materials of
cobalt(ILIll) oxide, with improved surface activity, using environmentally friendly precursors
and solvents.

Methods. A green method was proposed, in order to isolate Co,O, nanoparticles with high
surface activity. Instead of the usual organic solvents, three different natural sugars, including
glycogen, sucrose, and glucose were used for the first time as templates. Water as a green
solvent was used in all the steps. The polymorphic composition of the synthesized samples
was determined by means of X-ray phase analysis. The morphology of the obtained crystallites
was studied from micrographs of the oxide phases. Image Pro Plus 6 software was used to
measure the size of nanoparticles. The surface activity of the isolated samples was studied using
the Brunauer-Emmett-Teller method and the Langmuir method. The Barret-Joyner-Halenda
method was used to determine the diameter, volume, and distribution of pores.
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Results. The crystallite sizes of the samples are 23 nm, 36 nm, and 30 nm for glucose, glycogen,
and sucrose templates, respectively. Adsorption—-desorption isotherms for samples obtained
from complexes of glucose and sucrose correspond to type IV, indicating a strong interaction
between the adsorbent and the adsorbed sample. The isotherm for the sample isolated from the
complex with glycogen is of a different type and most likely indicates that this sample is almost
completely mesoporous. The pore radii are found in the interval 1.2—-1.6 nm.

Conclusions. A new green method for the synthesis of nanosized particles of Co(ILIIl) oxide
using natural saccharides and deionized water was developed. The composition, morphology,
structure, and surface activity of the samples obtained were studied. It was shown that due
to the polymeric structure of their metal complexes and the ability to bind active carbon on
the surface of nanoparticles, natural saccharides can be used as matrices in the synthesis of
nanosized metal oxides with high surface activity.

Keywords: nanoparticles of cobalt(ILIll) oxide, synthesis, surface activity, X-ray phase analysis,
Fourier transform IR spectroscopy, electron spectroscopy
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A green synthetic method for cobalt(IL,III) oxide nanoparticles with high surface activity. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2023;18(6):559-571. https://doi.org/10.32362/2410-6593-2023-18-6-559-571

HAYYHAS CTATHA

«3eJIeHbID> MeTOI CMHTe3a HaHoYacTHIl okcuaa kodvaabTa(ILII)
C YJIYYIICHHOH MOBEPXHOCTHOM AKTUBHOCTHIO

s1. AGcasan!, P. AaabGazma?, M.P. PaszaBu!, M. Toauszazex!, O.B. ABpamMeHKO>’,
H.H. Berakosa*, 0.B. KopaabuykoBa**

I Mewxeockuil ynusepcumem um. Dupooycu, Mewixeo, 9177948974 Hpar

2Ynugepcumem Ano-Mymarna, Camasa, 66001 Hpax

3Poccutickuii yHusepcumem opyskbsl Hapoooe (PY/IH), Mocksa, 117198 Poccust

*Poccutickuti eocyoapcmeaeHHblil yHusepcumem um. A.H. Kocvleura (Texronoeuu. /JusatiH. Hckyccmso),
Mockea, 115035 Poccust

M Aemop ons nepenucku, e-mail: avramenko-ov@rudn.ru

AHHOMAuuUs

IMenu. Paspabomamb HOEbLU «3eneHbllily Mmemod CcuHme3a HAHOPA3IMEPHBIX MAMEPUAIO8
okcuoa kobanema(ILIIl) ¢ yayuuweHHOU No8epXHOCMHOU AKMUBHOCMbIO, UCNOIb3Ysi HeONnAacHbule
onst okpyxarowetl cpedvl npekypcopsblL U pacmsopument.

MemoobL. IIpedsorkeH HOBbLL memol ebldesieHus HaHopasmepHolx uacmuy Co,O, ¢ 8bicoko-
paszsumoii nogepxHocmulo. B kauecmee mampuy enepavle npumeHeHbl NPUpooHble caxapuodsbl —
2/IUKO2€EH, Caxapo3a U 2aKo3a. B posu sKosio2uuecku “iucmozo pacmeopumesist Ha 8cex Cmaousix
npouecca ucnonwvzyemcst eooa. IloaumopgpHbslli cocmag CUHMe3UpPo8aHHbIX 00pas3yoe onpe-
0ensniu ¢ NOMOUbI0 peHmeeHoda308020 aHanusa. Mopgonozuro nNoayueHHbIX KPUCMAAUMO8
usyuanu no Mmukpogomozpaduim OKCUOHbIX ¢pa3. [lnsi uzmepeHust pasmepa HaHouacmuy
UCNoNb308aI0CL npozpammHoe obecneueHue Image Pro Plus 6. IlogepxHOCMHYO aKmMueHOCMb
gbloesieHHbLX 06pasyoes usyuanu memooom BpyHayspa-Smmema-Tennepa u memooom AeHamropa.
Llns onpedeneHus duamempa, obvema u pacnpeodeneHus. nop npumeHsiics memoo bappema—
LDkotiHepa—XaneHOowvl.

Toukue xumuyeckue TexHosoruu = Fine Chemical Technologies. 2023;18(6):559-571
560


https://doi.org/10.32362/2410-6593-2023-18-6-559-571
mailto:avramenko-ov@rudn.ru
mailto:pletneva@mirea.ru 

Yahya Absalan, Rusul Alabada, Mohammad R. Razavi, et al.

Pesynomamel. Pazmepbl Kpucmaaiumog cuHmesupos8aHHolx obpasyoe cocmagasiiom 23, 36 u
30 HM 0151 Mampuy, 2110K03bL, 2IUKO2EHA U caxapo3bl coomeememaeHHo. Hzomepmol adcopbyuu—
decopbyuuu 051 06paA3U08, NONYUEHHBLX HA OCHO8E KOMNIEKCO8 2/IH0K03bl U CaXaposbl, coomeem-
cmeytom IV muny, umo ceudemesibcmayem 0 CUNbHOM 83aumodeticmauu mexxoy adcopbeHmom
u adcopbupoeaHHbiM 06pasyom. HMzomepma 0nst 06pasua, 8bloesieHH020 HO OCHO8e KOMNIEeKCa
C 2/lUKO2eHOM, OMHOCUMCSL K OpYy20MYy muny u, cKkopee 8cezo, yrKasbleaem Ha mo, 4mo amom
obpasey noumu nNOAHOCMbI0 Me3onopucmalii. Paduyc nop cocmaensem 1.2-1.6 Hm.

Buteoodust. Paspabomar HOSbLU «3e/ieHbllly Memod CUHMe3a HAHOPASMEPHbIX UACMUY OKCUOA
robanema(ILIll) ¢ ucnonvzogarHuem NPUPOOHbBLX Caxapudo8 U 0euoHU3UPO8AHHOU 8006l Hccne-
dosaHbL cocmae, MoOpgosio2Usl, CMmpoeHue U NOBEePXHOCMHASL AKMUBHOCMb NONYUEHHBLX
obpasyos. IlokaszaHo, umo npupooHvle caxapuodsbl 6nazo0apsi NOAUMEpPHOU cmpykmype ux
MEMANOKOMNAEKCO8 U CNOCOOHOCMU C8513bl8AMb AKMUBHBLLI Y2nepod HA NO8EPXHOCMU HAHO-
yacmuy, moeym 6blmb UCNONBL308AHbLL 8 KAuecmee Mampuy Npu cuHmese HAHOPA3ZMEPHBLLX
oKcudo8 memannog ¢ 60abuUloll NOBEPXHOCMHOU AKMUBHOCMbIO.

Knroueesvte cnoea: HaHouacmuyusbl okcuoa kobanema(ILIll), cunmes, nogepxHOCMHAs
axmugHocmb, peHmeeHogasosblil aHanus, HK-cnekmpockonust, 31eKmpoHHAsL CNeKMpoCKoNnus

Jlna yumuposanusa: Abcanan 5., Anabana P., Pazasu M.P., Tonuzaznex M., ABpamenko O.B., Berukosa 1.H., Koaisuykoa O.B.
«3eneHblity Merox cuHTe3a HaHodacTHll okcupa koOampra(ILIIl) ¢ ymydmeHHOW MOBEpXHOCTHOW AaKTUBHOCTBIO. ToHKUE
xumuueckue mexronozuu. 2023;18(6):559-571. https://doi.org/10.32362/2410-6593-2023-18-6-559-571

INTRODUCTION

At the present time, due to their unique
properties, nanoscale materials are widely used
in everyday life and various industries, such as
medicine, ecology, and the paint and varnish industry
[1-4]. However, a significant drawback in their
synthesis is the use of environmentally hazardous
precursors and solvents. Therefore, an urgent task
is to find an environmentally friendly and highly
effective  method for isolating metal oxide
nanoparticles with high surface activity.

Cobalt(ILIII) oxide is interesting due to its
specific  properties. Materials based on Co,0,
have the properties of p-type semiconductors and
exhibit magnetic properties [5, 6]. They are used
as molecular detectors, electrochemical storage
devices, magnetic storage media, solar energy
converters and in the electronics industry, as well
as catalytic systems for various purposes, including

organic synthesis and environmental purification
from toxic impurities [7—14].

Co,0, nanoparticles are stable structures of
various morphologies [15] (rods [16], sheets [17],
tubes [11, 18], cubes [19], and spheres [20, 21]).
Ordered structures isolated by the hydrothermal
method were studied by Hu et al. [22], and spinel
Co,0, nanoparticles were shown to have lower
crystallinity and smaller crystallite size.

Previously we synthesized and studied nanoparticles
of 3d metal oxides using organometallic complexes
based on alkyl and benzylnitrosohydroxylaminates [23],
biphenolic compounds [24-26], and polyhydroxybenzoic
acids [27, 28] as precursors.

This work reports a new green method for
the synthesis of Co,0, nanoparticles using deionized
water and natural saccharides and the study of
their surface. It is shown that this method
can be considered as a promising method for the
synthesis of various nanocrystalline materials.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(6):559-571
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EXPERIMENTAL

The sucrose, glycogen, and glucose used in
the work are pure grade, and cobalt(Il) chloride
hexahydrate is chemical grade purchased from
Sigma-Aldrich, USA.

Method for the synthesis of Co,0, nanoparticles.
10 g of the -corresponding saccharide was
dissolved in 50 mL of deionized water and stirred.
At the same time, 2.96 g of cobalt(Il) chloride
hexahydrate was dissolved in deionized water
in a second glass and stirred until a homogeneous
solution was obtained. The saccharide solution
was then slowly poured into the cobalt salt solution
and stirred at 75°C for 1 h. The solution was
kept at 20°C until a gel formed. The resulting gel
was transferred to a pre-calcination oven at 120°C.
The dried sample was calcined at 650°C, in
order to obtain the corresponding cobalt oxide.
The yields of the final products are 60—70%.

Elemental analysis for cobalt content was
carried out by means of complexometric titration [29].
Carbon content was determined using micromethods
[30]. Elemental analysis results:

Sample 1 (derived from a complex with sucrose).
Found: Co — 73.15%; C — traces (<0.5%). For Co,0,
it was calculated as: Co — 73.42%.

Sample 2 (derived from a complex with glycogen).
Found: Co — 73.38%; C — not detected. For Co,0,
it was calculated as: Co — 73.42%.

Sample 3 (derived from a complex with glucose).
Found: Co — 73.18 %; C — traces (<0.5%). For Co,0,
it was calculated as: Co — 73.42%.

X-ray diffraction patterns of oxide phases
were obtained using a GNR automatic diffractometer
(GNR  Analytical  Instruments  Group, ltaly) in
continuous mode. Operating wavelength was 1.541 A
(Cu-K)). X-ray diffraction patterns were interpreted
using the GNR Explorer program (GNR Analytical
Instruments Group, Italy)'.

The surface activity of the synthesized
samples was determined by means of the Brunauer—
Emmett-Teller (BET) method at 77 K on a
Belsorp-mini II micrometer device (Microtrac Retsch,
Germany). The  Barrett—Joyner—Halenda  (BJH)
method was used to evaluate mesoporosity and
pore size distribution. In order to prepare and dry
the material before measuring and removing
water vapor, carbon dioxide, or other molecules
that may occupy the volume of the material’s
cavities, the sample was placed in an oven for
several hours at high temperature. The dehydration
temperature was 393.15 K. The dehydration time

' Explorer: G.N.R. srl — Analytical Instruments Group
(gnr.it). Accessed May 23, 2022.

was 2 h at a saturated water vapor pressure
of 84.737 kPa.

TEM images were obtained using a model
LEO 912AB microscope (Leitz-Opton, Germany) in
low vacuum mode using ethanol as a dispersant.

FTIR spectra of the samples were recorded
using an AVATAR 370 spectrometer (Thermo Nicolet,
USA) at a temperature of 20°C in the range
of 4000400 cm!' with a resolution of 4 cm™
in KBr pellets.

Electronic absorption spectra were recorded on
a Cary-50 spectrophotometer (4gilent Technologies Inc.,
USA) in the wavelength range 200—800 nm.

RESULTS AND DISCUSSION

Synthesis and Co,O, nanoparticle properties

A diagram of the new green method for
the synthesis of Co,0, nanoparticles is shown in Fig. 1.

The polymorphic composition of all synthesized
samples was determined using X-ray phase analysis
(15° < 20 < 80° (Fig. 2). Analysis of X-ray
diffraction patterns of samples obtained using
various  precursors  shows  that the  spinel
modification of Co,0, (ICDD: 96-900-5889) of
high purity (peaks 19.02°, 31.31°, 36.73°, 44.67°,
59.35°, and 65.02°) is the main crystalline structure
of the products obtained from thermolysis of all
precursors: the highest purity characteristic of
Co,0, being obtained from the decomposition of
a solution containing glycogen. Based on the data
from literature, the presence of low-intensity
peaks in the region of about 26° and 44° in
the X-ray diffraction patterns of cobalt oxide
samples obtained from glucose and sucrose may
indicate the presence of carbon impurities in
the samples [31].

The size of crystallites (coherent scattering

regions) D_ was calculated using the Scherrer
equation (1):
D, = kMBcoso, )

where & is the shape factor (approximately 0.9),
A is the wavelength of the X-ray source (1.5406 A),
and B is the width of the observed diffraction
line at its half-maximum intensity (400).

Based on the results obtained, the sizes of
crystallites (coherent scattering regions) of the
samples are 23, 36, and 30 nm for precursors based on
glucose, glycogen, and sucrose, respectively.

Microphotographs of oxide phases obtained
by calcination of cobalt complexes of sucrose,

Toukue xumuyeckue TexHosoruu = Fine Chemical Technologies. 2023;18(6):559-571
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Fig. 1. Synthetic scheme for Co,O, nanoparticles.
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Fig. 2. X-ray diffraction patterns of oxide phases obtained by calcination of cobalt(II) complexes
with sucrose (a), glycogen (b), and glucose (c).

glycogen, and glucose are presented in Fig. 3.
As can be seen in Fig. 3, the shape of nanoparticles
obtained by calcination of cobalt(Il) complexes
with sucrose, glycogen, and glucose is the same,
but they differ in size. The Ilargest size of
nanoparticles was observed for the thermolysis
product of the complex with sucrose, corresponding
to the results obtained from the analysis of
X-ray diffraction patterns. Image Pro Plus 6
software (Media Cybernetics, Inc., USA)* was used
to measure the nanoparticle sizes. It was found
that the average particle sizes for all samples were
in the range of 5-30 nm.

2 https://mediacy.com/image-pro/. Accessed July 05, 2022.

Surface properties

The state of the surface of products obtained
from solutions containing various sugars was
studied by infrared (IR) spectroscopy in the range
of 4004000 cm™' (Fig. 4).

According to the data from literature, the bands
at 526 and 561 cm' correspond to vibrations of
the Co,"O bonds in the octahedral environment,
and Co,’O in the s-tetrahedral environment in the
spinel crystal lattice. The band at 1115 cm™ is
associated with stretching vibrations of CO bonds
of carbonate anions, formed due to the adsorption
of CO, on the surface of Co,0,. This is consistent
with the basic properties of cobalt(ILIII) oxides
formed during calcination of saccharides. In the
case of Co,0, isolated from a complex with

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(6):559-571
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Fig. 3. Micrographs of oxide phases obtained by calcination of cobalt(Il) complexes
with sucrose (a), glycogen (b), and glucose (c).
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Fig. 4. IR spectra of oxide phases obtained by calcination of cobalt complexes of sucrose (a),
glycogen (b), and glucose (c).

glycogen, an additional absorption band at 1630 cm™!
is observed in the IR spectrum which can be
attributed to bending vibrations of water molecules
adsorbed on the surface. In cobalt oxides isolated
from solutions containing sucrose and glucose,
the 8(H,0) band is also present, but its intensity
is much less. The broad band at 3400 cm' is
associated ~with  stretching vibrations of OH
groups on the hydrated surface of Co,0, nanoparticles.
The absorption at 1470 cm™ is probably due to the
stretching vibrations of OCO,. The observed band
at 848 cm™' can be attributed to bending vibrations
of the Co—OH bond. Absorption at 770 cm' may
correspond to 3(OCO), and the band at 1020 cm™
corresponds to 3(C=0).

Low-temperature N, adsorption—desorption
isotherms and the pore distribution curve of the
samples are presented in Fig. 5. The surface activity of

the isolated samples was studied by the BET method.
The BDC method was used to determine the diameter,
volume and distribution of pores. The adsorption—
desorption isotherms for samples obtained from
glucose and sucrose complexes correspond to type 1V,
indicating strong interaction between the adsorbent and
the adsorbed sample (Fig. 5a and 5c¢). The isotherm for
the sample isolated from the glycogen complex is of a
different type and most likely indicates that this sample
is almost completely mesoporous.

An important textural characteristic of the resulting
material is the pore size distribution. Based on isotherms
and average pore diameters, the porosity of nanosized
particles is represented by mesopores (see Table). Type
IV nanopores are confirmed by the type of adsorption—
desorption isotherms and pronounced hysteresis
associated with capillary condensation of nitrogen in
mesopores.
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Fig. 5. Adsorption—desorption isotherms of N, by nanoparticles isolated from cobalt complexes of glucose (a),
glycogen (b), and sucrose (c). n, is the amount of adsorbed substance, mol-g™'; P/P, is the relative pressure

Table. Some characteristics of the surface of Co,O, particles

(ratio of system pressure to condensation pressure).

Parameters Glucose Glycogen Sucrose

BET analysis

V., cm/g 71.75 49.39 73.47

a pep M/ 312.27 214.96 319.78

C 6366.00 1975.80 9011.80

V, cm’/g 0.26 0.26 0.17

d, nm 3.30 4.84 2.17
BJH analysis

V_,cm'/g 0.16 0.21 0.06

r,, nm 1.64 1.64 1.21

a, m/g 79.64 119.74 41.65
Langmuir plot

V., cm’/g 65.71 45.54 69.61

a,m’/g 286.00 198.20 302.98

Note: V_ is the specific pore volume, a_is the specific pore surface area, C is the BET constant, V' is the total pore volume,
d is the average pore diameter, r, is the average pore radius.
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Based on the analysis of adsorption—desorption
isotherms (Fig. 5), it is clear that monolayers are
formed at relative pressures P/P; equal to 0.076,
0.05 and 0.04, and are completely formed in all
samples. There is a known relationship between
the shape of the hysteresis loop and the nature of
the distribution of mesopores in the joint. The pores
of nanoparticles obtained by thermolysis of glucose
and glycogen complexes with H, type hysteresis
are slit-like (glucose and glycogen) and conical
(sucrose) [32].

BET analysis of the samples shows that the
isolated Co,0, nanoparticles have high surface
activity with almost the same amount (Table).
The large value of constant C (the ratio of the
adsorption  equilibrium  constants in the first
layer and the condensation constant) is probably
associated with the nanosize of the resulting
oxides, since for micro-sized samples its value
usually lies in the range from 50 to 200 [33]. The
significant difference in V_ values in the case
of the samples obtained on the basis of glucose
and sucrose when compared with that for cobalt
oxide isolated on the basis of the glycogen
complex can be explained by the different nature of the
pores.

According to the BDH method, the pore
radius of Co,0, nanoparticles obtained from cobalt
complexes with glucose and glycogen is the same
and equal to 1.64 nm, while for nanoparticles
isolated from a complex with sucrose, it is smaller
and amounts to 1.21 nm (Fig. 6).

The surface activity of a monolayer of
Co,0, nanoparticles obtained using the Langmuir
method is consistent with BET analysis; the order

environmentally friendly synthesis method presented
herein makes it possible to obtain nano-sized
particles with high surface activity.

Studying  the  spectral  characteristics  of
photocatalysts is one of the most important
factors that determines their activity in a special
region of the electromagnetic spectrum. In order to
calculate the band gap of the obtained samples,
electronic absorption spectra were recorded in
the wavelength range from 200 to 800 nm (Fig. 7).
All isolated products have optical density in
a certain wavelength range: 340 nm, 500 nm, and
between 800 and 850 nm, which 1is consistent
with previously published data [34].

To find the best activating region, the Tauc
method (2) was used to determine the band gap:

o= o,(hv—E)n/hv, 2)
where o is the absorption coefficient of the
material, o, is the proportionality coefficient, hv

is the energy of the incident photon (% is the Planck’s
constant, v is the frequency of the incident photon),
E, is the optical band gap, n is the refractive
index. The band gap is obtained from a plot
of (ahv)* versus hv. The value of hv at the point
of intersection of the tangent and the x-axis is
the band gap. Based on the result, band gap values
of 1.53, 2.48, and 3.65 eV were obtained, illustrating
the ability of Co,0, nanoparticles to absorb in
both the ultraviolet and visible regions of the
spectrum.

Co,0, nanoparticles isolated by the proposed
synthesis method have high surface activity,
exceeding that of nanoparticles obtained by other

of surface activity in both methods is the
same (Table). Thus, we can conclude that the new
0.030
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Fig. 6. BJH analysis of Co,0O, nanoparticles isolated from cobalt complexes of glucose (a),
glycogen (b), and sucrose (c); dvm/olrp is the derivative of the ratio of specific volume to average pore radius,
r, is the pore radius, nm.
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Fig. 7. Electronic absorption spectra (1) and band gap (2) of Co,O, nanoparticles isolated
from cobalt complexes of glucose (a), glycogen (b), and sucrose (c);
(0v)? is the absorption coefficient squared, cm™'-eV; Av is the photon energy, eV.

methods. A possible reason 1is the combustion
reaction of natural sugars upon ignition, leading
to the formation of carbon and its possible
binding with cobalt to form a carbide, the signals
of which are observed in X-ray diffraction
patterns. The BET constant (C) (see Table),
exponentially related to the adsorption energy

of the monolayer, is very high (>200). This also
illustrates the presence of active carbon on the
surface of the nanoparticles. It has been shown that
a natural saccharide with a large amount of carbon
in its molecular structure provides  greater
surface activity of the synthesized cobalt oxide
nanoparticles.
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CONCLUSIONS

A new green method has been developed for
the synthesis of nanosized Co,0, particles using
natural saccharides and deionized water. It has
been experimentally proven that natural saccharides,
due to the polymer structure of their metal
complexes and the ability to incorporate carbon on
the surface of nanoparticles, can be wused as
matrices in the synthesis of metal oxide nanoparticles
with high surface activity. In addition, natural
saccharides, due to their environmental friendliness
and low cost, are a good replacement for classical
organic compounds used in previously developed
methods for the synthesis of nanoparticles.
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Abstract

Objectives. To study the technological features of a new fluoride technology for the production
of titanium dioxide by the decomposition of titanomagnetite concentrate with ammonium
fluorides.

Methods. The chemical species of the titanium and iron components in the fluorination of
titanomagnetite concentrate and sublimation separation of components were determined by
means of X-ray powder diffraction analysis and inductively coupled plasma mass spectrometry.
The kinetics of sublimation of the titanium component by the thermal decomposition of ammonium
hexafluorotitanate was experimentally studied.

Results. The products of the fluorination of titanomagnetite concentrate with ammonium
bifluoride are compounds (NH,),TiF, and (NH,),FeF,, as proven by chemical analysis and X-ray
powder diffraction analysis. The subsequent sublimation separation of the titanium component
produced the target product: a mixture of ammonium fluorotitanates. The desublimation of
the titanium-containing fraction gave an NH,TiF ~(NH,),TiF ~(NH,),TiF, mixture, the titanium
content of which is 30.6% and the content of impurities (Fe, V, Si) is a minimum (0.45%).
The activation energy of the heterogeneous reaction and the rate-limiting step of the process
were also determined.
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Conclusions. A high-purity titanium product (a mixture of ammonium fluorotitanates) is
obtained. This is a valuable commercial product for the industrial production of titanium
dioxide pigment from titanomagnetite concentrate and ilmenite.

Keywords: ammonium fluorides, ammonium hexafluorotitanate, titanomagnetite concentrate,
titanium dioxide
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HAYYHAS CTATbBA

HccaenoBanme npouecca GropupoBaHusi TATAHOMATHETUTOBOIO
KOHIIeHTPAaTa JTU(PTOPUIOM AMMOHUS

A.H. Ipa4yeHKO

MHPSA — Poccuiickuii mexHoiozuueckuil yHugepcumem (MHcmumym moHKUX XUMUMECKUX MEeXHOI02UTL
um. M.B. ANomorocosa), Mockea, 119571 Poccus
MCorresponding author, e-mail: dyachenko@mirea.ru

AHHOMaAyus

ITenu. HccnedosaHue mexHosozuueckux ocobeHHocmeil Ho8oll (hmopuUOHOTl MexXHO02UU NPOU3-
eoocmea ouokcuda MmumaHa MemoOOM PA3I0IKEeHUST MUMAHOMAZHeMUMO8020 KOHUeHmpama
C NOMOULBIO pMOPUO08 AMMOHUSL.

Memoowst. Popmbl HAXOIHOEHUS MUMAHOBLLX U JKESLe3UCMbLX COCMABSIIOULUX 8 npoyecce hmopu-
posaHuUsT MUMAHOMAZHEMUMOB020 KOHUeHmpama U CYbNUMAYUUOHHO20 pa3oesieHust KOMNo-
HEeHMOo8 oNnpeodessiiuCL, PeHmMzeHOpa308bIM AHAAUIOM U MACC-cneKkmpomempueti ¢ UHOYKMUBHO-
ces3aHHol naasmoil. Kunemuka cybaumayuu mumaHogoti cocmagastouieli 9KCnepumeHmatbHo
U3YUEHA MePMUUECKUM PA3TIOIKEHUCM 2eKCADPMOPOMUMAHAMA AMMOHUSL.

Pesynemamel. B pe3ynemame ¢mopuposaHUss MUMAHOMAZHEMUMO8020 KOHUeHmpama
ougpmopudom ammorust obpasyromcs npodykmol pearkyuu 6 eude coeoureruil (NH,),TiF, u
(NH,),FeF,, umo 00KasaHo XUMU4YeCKum u peHmeeHodasosoim arnarusom. C nomowbio nocne-
dyrowez0 CcYbNUMAYUUOHHO20 OmoesieHUsT MUMAHO80U CcoCmagsasiiowell. noayueH uyenesoll
npooykm, npedcmassieHHblll cMecblo gmopomumaHamos ammoHusl. Memodom Jecybruma-
yuu mumarcodeprkaweti ppaxyuu evioeneqa cmeco NH,TiF ~(NH,),TiF ~(NH ),TiF,, codepia-
Hue mumaHa 8 Komopoili Haxooumest Ha ypoeHe 30.6%, a codeprkaHue npumeceil (Fe, V, Si)
MmuHumanoHo (0.45%). Onpedenera sHepeusi AKMUBAUUU 2emMepPOEHHOU peaKyuu U JAUMUMU-
pyrowas cmadust npoyecca.

Bbteoodbt. [Tonyuer 8blCOKOUUCMbLIT MUMAHO8bLUI NPOOYKM (CMeCb (hmopomumaHamos aMMOHUSL),
KOMOpbLll s18N51emest UeHHbIM KOMMEPUECKUM NPOOYKmom OJsl NPOMBLULIEHHO20 NpPOU3800-
cmea nuemMeHmHo20 Ouokcuda mumaHa U3 MUMAHOMAZHemumosgoz0 KOHUeHmpama
U unbmeHuma.

Knroueewsle cnoea: ¢pmopudsbl AMMOHUSL, 2€KCADPMOPOMUMAHAIM AMMOHUSL, MUMAHOMAZHEMU-
moeblii KoHyeHmpam, ouoxcuod mumaHa

Jns yumuposanus: Jpsiuenko A.H. UccnemoBanue mporiecca (TOPUPOBAHHS THUTAHOMArHETHTOBOTO KOHIICHTpATa
nudTopuiom aMmoHus. Tonkue xumuueckue mexnonouu. 2023;18(6):572-582. https://doi.org/10.32362/2410-6593-2023-18-6-572-582
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Fluorination of titanomagnetite concentrate with ammonium bifluoride

INTRODUCTION

Titanium dioxide is one of the main inorganic
products of the chemical industry. It is used as
a white pigment in paints and varnishes. Titanium
dioxide is produced by two classical processes:
the sulfate process and the chloride process whose
optimization resource is currently exhausted. In
order to reduce production costs, new approaches
to processing titanium mineral raw materials are
required [1]. Titanomagnetite concentrates (TMC)
are refractory minerals, which cannot be processed
by the classical sulfuric-acid and chlorine methods
for titanium extraction. Our studies investigated the
separation of a titanium-containing fraction from
TMC fluorinated with ammonium bifluoride. In our
previous works, an ammonium fluoride technology
for the production of titanium dioxide was patented
[2, 3]. However, it can be optimized, in order to
reduce the cost of titanium dioxide pigment.

Ammonium fluorides (a commercial technical
mixture of ammonium fluoride NH,F and ammonium
bifluoride NH,F-HF in known ratios) are solid
fluorinating agents produced by the chemical
industry. They allow the decomposition of ilmenite
and TMC by solid-phase sintering followed by
thermal distillation of the titanium phase. TMC is
a mixture of ilmenite and excess oxidized iron (III)
oxide [4]. Ilmenite (FeTiO,) can be represented
as an empirical mixture of titanium dioxide
and iron oxide (FeO-TiO,). The titanium component
of TMC and ilmenite reacts with ammonium
fluorides to form ammonium fluorotitanates. Unlike
iron fluorides, they are sublimated and separated
from the fluorinated mixture [5-8].

TiO, + 3NH,F-HF — (NH,), TiF, + 2H,01+ NH,1 (1)
FeO + 2NH,F-HF — (NH,),FeF, + H,01 )

FeTiO, + 5NH, - HF =

3)
= (NH,),TiF, 4+ (NH,),FeF, +3H,0 T +NH,

Other impurity compounds present in TMC
also react with ammonium bifluoride to form
ammonium fluoride complexes.

SiO,+ 3NH,F-HF = (NH,),SiF 1 + NH,1+ 2H,01  (4)
ALO,+ 6NH,F-HF = 2(NH,),AIF, + 3H,01 (5)

Cr,0,+ 3NH,F-HF = 2CrF,+ 3NH, 1+ 3H,01 (6)

When heated, fluorometalates decompose into
metal fluorides, and excess ammonium fluoride
enters the gas phase.

(NH,),FeF, = FeF, + 2NH, 1+ 2HF1{ (7)
(NH,),FeF, = FeF, + 2NH, 1+ 2HF{ (8)
(NH,),AIF, = AIF, + 2NH, 1+ 2HF1 9)

Excess ammonium bifluoride undergoes thermal
decomposition.

NH,F-HF — NH,F + HF? (10)
NH,F — NH, 1+ HF{ (11)

The iron component of the fluorinated mixture
upon heating with access to atmospheric moisture
or water vapor formed by reaction (3) undergoes
oxidative pyrohydrolysis to form iron(III) oxide.

2(NH,) FeF,+2H,0+ %40, =Fe,0, +4NH,1+8HF?  (12)

Upon further heating, ammonium hexafluorotitanate
(AHFT) (NH,),TiF, sublimates and is distilled off
in the form of a gas phase from the fluorinated
mass of ilmenite. The iron component in the form
of ammonium tetrafluoroferrate (NH,),FeF, decomposes
to form solid iron difluoride with the release of
gaseous hydrogen fluoride and water.

(NH,),FeF, — FeF, + 2NH, 1+ 2HF?{ (13)

The general principles of the fluorination of
TMC with ammonium bifluoride are similar in
process parameters to the fluorination of ilmenite.

An important economic aspect of this technology
is the possibility of the complete regeneration of
ammonium fluoride bifluoride, which shows the
competitive advantages of the presented technology.
Ammonium fluoride is regenerated by the subsequent
treatment of the titanium fluoride desublimate
with aqueous ammonia. Adding it to an AHFT
solution leads to precipitation of hydrated oxy-
and oxy-hydroxy compounds with the empirical
formulas TiOF :nH,0 and TiO(OH)F-nH,O.
Oxyfluoride monohydrate TiOF-H,O is known to
be released from aqueous solutions. The complex
ions existing in aqueous solutions are assigned
the formulas TiOF*, [Ti(OH)F], TiOF, TiOF",
TiOF*, and TiF** [9-12]. Next, by increasing pH,
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these precipitates are converted into titanium
hydroxide oxide; then, they are filtered off and,
after calcination, transform into titanium dioxide.

The iron component after fluorination of
ilmenite ~ with ammonium fluorides is  iron
tetrafluoroferrate. Upon heating, it transforms into
iron difluoride and then undergoes pyrohydrolysis
to produce iron(Ill) oxide, also a commercial
product. The closed-loop material flow diagram
(Fig. 1) of ammonium fluoride processing of
ilmenite into titanium dioxide and iron(IIl) oxide
with the return of all auxiliary reagents enables
the so-called ammonium fluoride cycle of ilmenite
processing.

This work studied the process parameters of
the presented empirical diagram based on the
example of the interaction of ammonium bifluoride
with titanomagnetite concentrate.

The objects of research were TMC fluorinated
with ammonium bifluoride (which was a mixture
of AHFT and ammonium tetrafluoroferrate),
titanium-containing  sublimation products, and a
nonsublimating iron-containing residue.

The purpose of the study was to confirm
experimentally  the  above-mentioned  chemical
sequences of interaction of TMC with ammonium
bifluoride, as well as the sublimation separation
of the titanium component from the fluorinated
mixture. A further aim was to determine the
sublimation conditions, and the chemical species

of the iron ferrous and titanium components in
the products of the process under study.

EXPERIMENTAL

Table 1. Chemical composition of titanomagnetite concentrate
(Baikal-Amur Mining Corporation, Russia)

Substance TiO, | Fe,O, | ALO, | SiO, | Cr,0, | V.O

2 273 273 2 273 275

Content, % 152 | 683 | 52 | 7.0 | 0.34 | 0.69

Ammonium bifluoride (Galogen, Russia) used in
the experiments complied with GOST 9546-75'.

Chemical analysis was carried out over a
wide concentration range by inductively coupled
plasma mass spectrometry (ICP-MS) wusing an
Agilent 7500cx mass spectrometer (Agilent Technologies,
USA; low resolution, generator output power 1500 W,
MicroMist nebulizer).

The fluoridation of TMC with ammonium
bifluoride was studied using an SDT Q600 simultaneous
TGA/DSC/DTA? analyzer (NF Instruments, USA)
with software data processing using the Universal
Analysis software (version V4.2E, TA Instruments,
USA) according to standard ASTM methods’.

. 52.63
Ti(OH),= 2H,0 +TiO,
A

76.32

v 130.26

3 4
TiFy+ ANH,OH = 4NH,F + Ti(OH),
81.58

4 2 4
4

4 4

100 267.74 4
FeTiO; +1 1NIA§4F =(NHy),Tik+ (1:1H4)3FeF5 +3H,0+ 6I;IH3

134.86

v
(NH4)3F€F5 = 3I\I*H3+ 3I;IF+ Pl‘er

61.84
52.63

A 5.26
FeF, +H,0+0.250,= ZIjF +0.5Fe,0;4
I

Fig. 1. Material flow diagram of the ammonium fluoride process.

I GOST 9546-75. State Standard of the USSR. Reagents. Ammonium fluoride (acid). Specifications. Moscow: Izdatelstvo

standartov; 1981.

2 TGA/DSC/DTA is the thermogravimetric analysis/differential scanning calorimetry/differential thermal analysis.
3 American Society for Testing and Materials. ASTM E 473-00 (2000). Standard definition of terms relating to
thermal analysis. https://cdn.standards.iteh.ai/samples/7305/ea45d8e86¢ff4027b88383a80db3c3a8/ASTM-E473-00.pdf.

Accessed October 10, 2023.
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The sample weight was up to 25 mg; the
sensitivity of the balance, 0.1 pg; the calorimetric
accuracy/reproducibility, +2% (metal standards);
DTA  sensitivity, 0.001°C; the thermocouples,
Pt/Pt-Rh (type R); the crucibles, platinum (40 pL)
and ceramic (AlLO,, 40 uL). The controlled
atmosphere over the sample (argon, atmospheric air).

X-ray powder diffraction analysis (XRD) was
performed using an XRD 7000S powder diffractometer
(Shimadzu, Japan; sample weight, from 10 mg; sensitivity
for phase composition, 3—5%).

The sublimation—desublimation process
was modeled in a setup specially designed and
constructed for these studies (RTU MIREA, Russia)
(Fig. 2).

The mixture of the fluorinated TMC was
transferred to a corundum boat, placed in a tubular
furnace heated to 600°C and was kept for 5 h.
To the outlet of the furnace, a desublimator
was hermetically attached. This was a cooled
fluoroplastic cup (100 mm in diameter and 300 mm
in length) with an internal cooled coil made of a
fluoroplastic tube (7 mm in diameter). Upon cooling,
the mixture of sublimated titanium ammonium
fluoride  compounds  desublimated again  to
form AHFT. As a result, the titanium component
of TMC was separated from the ferrous component
and distilled into the desublimator.

The kinetics of sublimation of the titanium
product (containing mainly (NH,),TiF,) was studied
in a setup (RTU MIREA, Russia) with continuous
recording of changes in the weight of the sample.
A 3-g AHFT sample in a platinum crucible was
placed in a reactor preheated to a given
temperature. The crucible diameter was 25 mm; the
sublimation surface, 4.9 cm? the initial thickness
of the bulk layer, 0.7 cm. After the completion
of the experiment, the residue in the crucible was

7
" (NHOFeE )

00000 00000000000

weighed and the degree of sublimation was
calculated. The average deviation in a series of
four experiments was within 3%. The activation
energy of the process was calculated according
to the published procedure [13].

RESULTS AND DISCUSSION

Study of the fluorination of TMC
with ammonium bifluoride

The interaction of ammonium bifluoride with
TMC and chemical reactions (1-10) were studied
by means of differential thermal analysis (DTA)
in a derivatograph with a load of 8 mg of TMC
and 24 mg of ammonium bifluoride (Fig. 3).

At temperatures of 103-109°C, the water
of crystallization is evaporated from ammonium
bifluoride. At 123°C, ammonium bifluoride
melts; at 242°C, excess ammonium bifluoride
disproportionates to ammonia and  hydrogen
fluoride. The further changes in the weight of the
reacting mixture are characteristic of the sequential
formation and destruction of ammonium fluoride
complexes of titanium and iron. The latest changes
in the TGA and DTA curves in the range
400-450°C are due to the sublimation of the
titanium component. The heat capacity of the
system is most significantly affected by the melting
and decomposition of ammonium bifluoride in
the range 120-200°C, which occur with a total
heat absorption of about 1 W/g of charge (300 kW/t

of concentrate).
Ammonium bifluoride melts early in the
process. This is accompanied by a decrease in

the volume of the sample. However, at the same
time, solid ammonium fluorometalates and gaseous
reaction products begin to form, causing the

4 5

s

‘ i 7
. N OOOOOOOOOOOOOOJ
(NH,),TiF; 2 3 J: 5 3

(NH ), Tk

il

|

Fig. 2. Setup for separation of the titanium fraction from the ferrous fraction:
(1) furnace, (2) boat with a mixture of fluorometallates (corundum or stainless steel),
(3) corundum cup, (4) gypsum coupling, (5) water cooling jacket (fluoroplastic),
(6) desublimator housing (fluoroplastic), and (7) outlet.
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Fig. 3. DTA of the reacting mixture of TMC and ammonium bifluoride.

mixture to foam and leading to an increase in the
volume of the sample. Filling the crucible to 80%
ensures acceptable accuracy of weight measurements
and calculation of observed thermal events, as well
as the absence of errors due to sticking to the
crucible lid or leakage of part of the reaction mixture.
The chemical composition of the reaction
products (NH,),TiF, and (NH,),FeF, was confirmed
by XRD (Fig. 4), showing complete agreement
between the products and the reference samples.
XRD did not detect an unreacted residue, indicating
that the reaction had almost completed and the

concentration of the original ilmenite was below
the level of determination by XRD, i.e., less than 2%.

The fluorinated mixture was calcined in
an atmosphere of natural (undried) air. As
expected, ammonium tetrafluoroferrate underwent
pyrohydrolysis and was converted into iron(III)
oxide which upon calcination transforms into
magnetite. XRD (Fig. 5) confirmed the predominance
of Fe O, in the calcined residue, and also
detected an admixture of unreacted ilmenite,
which fully confirms the occurrence of chemical
reaction (4).

4000

3000

Intensity
[\
(o]
el
(=]

—_
S
S
(=)

X-ray analysis of fluorinated sample

Ao Meodir B o mestobonanAhn
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Fig. 4. XRD of the fluorinated sample.
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Study of the separation of the
titanium-containing fraction of AHFT

With regard to the technological development
of the separation of the titanium component from
the ilmenite fluorinated with ammonium fluorides,
it was necessary to study the rate and completeness
of AHFT sublimation. During the experiment,
the weight of the residue was recorded and
the degree of sublimation was calculated from
it (Fig. 6).

The AHFT sublimation rate increases with
increasing temperature. Above 650°C, the rate
increases significantly, reaching 3.87 and 4.21 g/(h-cm?)
at 650 and 700°C, respectively (Table 2). At 700°C,
the degree of sublimation of AHFT reaches 85%
within 10 min.

The experimental data on the kinetics of
AHFT sublimation was mathematically processed
using the Crank—Gistling—Brownstein equation.

The calculated activation energy is
E =152336 J/mol.

2
l—g(x—(l—()t)3 =0.183~r'exp(—ﬁj.
3 RT

100
L~ 7009C

/ L— 650¢C
_ 8077
e 00°C
g — 500°C
‘5‘0 60 4,/ 4500(:
3 400°C

/
£ /[
g 40 ~
g / / [ —3s0°C
2 / ]
2 20
0 1000 2000

Time, s

Fig. 6. Dependence of the sublimation degree
on temperature and heating time.

The activation energy of the process is
52336 J/mol, indicating that the process is under
kinetic (rather than diffusion) control. The process
can be enhanced by increasing process temperature.

With a decrease in the AHFT sublimation
temperature, the conversion in the pyrohydrolysis

Table 2. AHFT sublimation rate in the temperature range of 350-700°C

Temperature, °C 700 650 600 500 450 400 350
Sublimation rate, g/(h-cm?) 4.21 3.87 1.55 1.27 0.50 0.31 0.12
1500 X-ray analysis —_—
after fluorination and washing with water —
1000
2
z 500
2
A=)
0
20 40 60 80 100
100
Reference Fe O,
50
0 , I . e o
100
Reference FeTiO,
50
0 | TR N DV X DV
20 40 60 80 100

Fig. 5. XRD of the products after fluorination and calcination of the residue.
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to form titanium oxide and gaseous products
(NH,, HF) increases. This increases the loss of
titanium in the form of TiO, in the residue after
sublimation.

(NH,),TiF, + H,0 — TiO, + NH, + HF (14)

The degrees of pyrohydrolysis of AHFT at 650
and 700°C were 17 and 15%, respectively. The
conversion and rate of sublimation of AHFT
depend on non-linear time and behave differently
in the three temperature ranges.

In the temperature range 350—450°C, the increase
in the degree of pyrohydrolysis is at its maximum
in the first five minutes after the start of the
process. During this period of time, the weight loss
is 20%. The further weight loss is described by
a linear change in the weight of the sample, which
characterizes the sublimation of AHFT.

In the temperature range 500-600°C, the
sublimation is accompanied by the removal of the
water of crystallization. Within 25 min, the weight
loss is intense and a high degree of sublimation is
achieved: 65 and 73% at 500 and 600°C, respectively.

In the temperature range 650-700°C, AHFT
sublimates more intensely in comparison with
the low-temperature ranges; the maximum degree
of sublimation (83%) is achieved within the
first 10 min.

According to previously proposed chemical
reaction (1), the products should contain AHFT and

ammonium tetrafluoroferrate. In order to confirm
this assumption, experiments were conducted
with  fluorination of ilmenite wunder various
conditions. Table 3 presents fluoridation conditions.
These include: fluorination reagent (ammonium
fluoride or Dbifluoride); fluorination temperature;
number of fluorination operations (number of
passes through the furnace); ratio of ilmenite and
ammonium fluoride/bifluoride reagents; and reagent
feed rate. Based on the results of ICP-MS chemical
analysis of the unreacted ilmenite residue (from the
contents of Ti, Fe, and silicon oxide impurity in
the residue), the degrees of fluorination were
determined (Table 3).

Study of the titanium-containing desublimate

The previously obtained sample of fluorinated
TMC, a mixture of (NH,),TiF, and (NH,),FeF,, was
studied in a sublimation-desublimation apparatus
(Fig. 2), in order to determine the quality of the
desublimated titanium-containing product. ICP-MS
chemical analysis of the desublimate showed
minimum contents of impurity elements in the
titanium-containing product isolated by sublimation-
desublimation from the fluorinated ilmenite (Table 4).

XRD analysis of the desublimated titanium-
containing product (Fig. 7) showed that it consists
of a mixture of (NH),TiF, (NH),TiF, and
NH,TiF,. Chemical analysis showed that the titanium
content in the desublimate (after with a single
sublimation—desublimation cycle) is about 30.6%.
The total amount of impurities (Fe, V, Si) is 0.45%,

Table 3. Process parameters and degrees of fluorination of TMC components

Number Degree
] . of operations Feed of fluorination, %
N Time of reaction
Fluorination . (number . flow rate
No. o Reagent per operation Reagent ratio .
temperature, °C . . of passes of mixture of
(total time), min
through reagents, g/h | i | pe Fe
furnace)
1 210 NH,F 60 (240) 4 1:3 900 81 | 73 95
2 210 NH,F-HF 60 (120) 2 1:3 900 94 | 92 99
3 210 NH,F-HF 60 (120) 2 1:2.43 900 92 | 91 99
Table 4. Content of target components in the desublimate
Substance Ti Fe A% Si Al
Content, % 30.6 0.2 0.16 0.1 0.3
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Fig. 7. XRD of the desublimated titanium-containing product.
including only 0.2% Fe. Redistillation of the (4) The AHFT sublimation rate increases

product reduces the content of impurities in the
ammonium fluorotitanate mixture to 0.1%.

Thus, XRF proved that the method of
fluorination of TMC with ammonium bifluoride
produced a high-purity titanium product: a mixture of
ammonium fluorotitanates. The resulting intermediate
product—a mixture of NH,TiF,, (NH,),TiF,, and
(NH,),TiF —is a valuable commercial product for
the industrial production of titanium dioxide pigment
from titanomagnetite concentrate and ilmenite.

CONCLUSIONS

The study of the fluorination of TMC by
means of ammonium bifluoride followed by the
separation of titanium and iron fractions allows
us to draw the following conclusions:

(1) The general principles of fluorination of
TMC by means of ammonium bifluoride are
similar in process parameters to the fluorination of
ilmenite.

(2) Chemical analysis and X-ray powder
diffraction analysis have proven that the products of the
fluorination of TMC with ammonium bifluoride
are compounds (NH,),TiF  and (NH,),FeF,.

(3) The residue after the fluorination of TMC
mainly consists of Fe,O, with an iron content
of 40.2% and impurities of unreacted TMC and
ilmenite, containing up to 1.1% titanium. This confirms
the almost complete fluorination of TMC.

with increasing temperature, and above 650°C, the
rate increases significantly, reaching 3.87 and
421 g/(h-em?) at 650 and 700°C, respectively.
At 700°C, the degree of sublimation of AHFT
reaches 85% within 10 min.

(5) The titanium-containing fraction separated
by sublimation undergoes desublimation. XRD
determined that the desublimate consists of a

mixture of (NH,),TiF, (NH,),TiF,, and NH,TiF..
Chemical analysis showed that the titanium content
in the desublimate (after a single sublimation—
desublimation cycle) is about 30.6%. The total
amount of impurities (Fe, V, Si) is 0.45%, of which
0.2% Fe. Redistillation of the product reduces the
amount of impurities in the ammonium fluorotitanate
mixture to 0.1%.

(6) The resulting high-purity titanium product
(a mixture of ammonium fluorotitanates) is a valuable
commercial product for the industrial production
of titanium dioxide pigment from titanomagnetite
concentrate and ilmenite.
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Abstract

Objectives. To date, compounds of rare earth nitrates with urea in a ratio of 1:4 and indium
in a ratio of 1:6 have been synthesized and structurally characterized. However, there
is a lack of research into similar compounds having a lower urea content. The purpose
of this work was to continue the search for regularities of structure formation for complexes of
various elements with urea.

Methods. Novel coordination compounds were synthesized and characterized by powder-
and single-crystal X-ray diffraction analysis, as well as infrared spectroscopy.

Results. The interaction of indium, gadolinium and erbium nitrates with urea (Ur) in an
aqueous solution under conditions of ligand deficiency produces the previously unknown
coordination compounds cis-{In(Ur),(NO,),JNO,, [Gd(H,O),Ur),(NO,),], and [Er(H,0),(Ur)(NO,),J. The
indium complex is shown to have an ionic structure, whereas the gadolinium and erbium
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complexes have a molecular structure. In the indium complex, the coordination number is 6;
the cation has an octahedral structure; it involves two cis-arrange monodentate nitrate
groups and four monodentate urea molecules. The coordination number of gadolinium is 10;
here, the coordination polyhedron is a distorted pentagonal bipyramid at the vertices of
which there are two water molecules, while in the internal polygonal base there are
two monodentate urea molecules and three bidentate chelating nitrate groups oriented
perpendicular to the polygonal base of the bipyramid. The coordination number of erbium is 9;
the coordination polyhedron is a distorted tricapped trigonal prism.

Conclusions. In contrast with the gadolinium complex, one urea molecule is coordinated
in the erbium complex instead of two, decreasing the coordination number from 10 to 9.
In the indium complex cation, the coordination number is 6; unlike the gadolinium and erbium
complexes, the cation does not contain water, and the nitrate groups are monodentate.

Keywords: indium nitrate, gadolinium nitrate, erbium nitrate, urea, complexes, crystal structure,
X-ray diffraction analysis
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AHHOMAyus

ITenu. B Hacmosiuiee 8pemst CUHME3UPO8AHbL U CMPYKMYPHO 0XAPAKMEPUI08AHbL COOUHEHUSL
HUMPamog peodKo3eMmMelbHblLX eMEHMO8 C MOUEBUHOU 8 coomHoweHUW 1:4 u uHouss — 8 coom-
HoweHuu 1:6, 00HaKO npaKmuuecku He usyueHbl N000OHble COeOUHeHUSL C MEeHbUULUM COOepIKa-
Huem moueguHbl. Llenvro Hacmosiwell pabomobl siensiemcst NPoooJXKeHUe NOUCKA 3aKOHOMep-
Hocmetll 06pa308aHUSL U CMPOEHUSL KOMNIEKCO8 PA3IUUHBLX IIeMEHMO8 C MOUESUHO.

MemooOwsl. Hoeble KOOPOUHAUUOHHbLE COEOUHEHUSL CUHMEe3SUpPO8AHbL U OXApaKmepus3os8aHbl
Memooamu peHmeeHogas0e020 aAHANU3A, UHPPAKPACHOU CNeKmpoCKONUU U peHmeeHoCmpyiK-
MYypHOo20 aHAU3A.

Pesynemamel. Bzaumooelicmaue HUMpamos8 2adosiuHust U apbust ¢ kapbamuoom (mouesuHoti, Ur)
8 800HOM pacmeope 8 YCl08UsiX He0OCmamKa JU2aH0a npueooum K oopasoeaHuro paree Heus-
8€CMHbBIX  KOOPOUHAYUUOHHBILX — coeduHeHull  yuc-[In(Ur),(NO,),INO,, [Gd(H,O),(Ur),(NO,),] u
[Er(H,0),(Ur)(NO,),|. [Tokxasaxo, umo KOMNAEKC UHOUSL UMeem UOHHOE, 4 KOMNAEKCbL 2A00/IUHUSL
u apbus — monekyasapHoe cmpoerue. KoopouHauuoHHoe uucio uHoUst pagHo 6; KOMNIEeKCHbL
KamuoH umeem oKmasopuuecikoe CmpoeHUe C UUC-PACNONONEHUEM O08YX MOHOOEHMAMHBLX
HumMpamHolx epynn. BepuwuHbl oKkmasopa 3aHsmvlL aAmMOMAMU KUCAOPOOA uUemblpex
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MOHOOEHMAamHulX Monekyn kapbamuoda. KoopOuHayuuoHHoe uucno eadonuHust pasHo 10,
KOOPOUHAUUOHHDBLU NOAUIOP MONHO Nnpeocmasums KAK UCKAXKEHHYH NeHMA2OHATbHYIO
nupamudy, 8 8epULULHAX KOMOPOU PACNOONeHblL 08e MOAEKYAbL 800bl, A 8 NnaocKkocmu — o0ee
MOHOEHMAMHblE MONEKYSbl MOUEBUHbL U MpU OUOEHMAMHO-XeAamupyrouiue HUMpamHole
2pynnol, OpUEHMUPOBAHHbBlE NEPNEeHOUKYAAPHO naockocmu bunupamudst. KoopouHayuoHHoe
yucno apbust pasHo 9, KOOPOUHAUUOHHBLU NOAUIOP — UCKAIEHHAST MPEXULANOUHAS. MPULOHAb-
Hast NPU3MA.

Bwteoost. [Ipu nepexode om 2adonuHust K apburo Habarodaemest KoopOuHayust 00HOU MONEKYJTbL
MOUEBUHbL BMECMO 08YX, KOOPOUHAYUUOHHOE YUCTO0 YmeHbwaemest om 10 do 9. B rkomnnerce
UHOUSL KOOPOUHAUUOHHOE UUCSIO0 PASHO ULEeCMU;, 8 OMAUUUE OM KOMNAEKCO8 2A00AUHUSL U IPOUsL
KOMNNEKCHBLU KAMUOH He co0epakum 800bl, A HUMPAMHbLle 2pYNNbL S8Asiiomest He budeHmamHbl-

MU, a MOHOOEHMAMHBIMU.

Knroueesble cnoea: Humpam uHOusl, HUumpam 2a00aUHUs, Humpam 9spbus, Kapbamuo,
KOMNNEKCbl, KPUCMANAUUECKAs. CMPYKMypa, peHMeeHOCMpYKMypHblil aHAU3

Jlna yumuposanua: Casunkuna E.B., KapaBaes U.A., berrensc E.K., By3anos I'A., Kybaco A.C. KoopauHaimoHHble
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INTRODUCTION

Complexes of nitrates of various elements
with urea are attracting attention in the context of the
development of self-propagating high-temperature
synthesis (SHS) methods, in particular, the solution
combustion synthesis (SCS) method. The SCS
method has been successfully used to obtain a wide
range of functional materials, whose components or
precursors are oxides, sulfides, nitrides, and silicates
of metals [1-6] in nanosized states.

According to this method, nitrates serve as
oxidizing agents, while urea (Ur, CH,N,O) is a fuel.
Under conditions of synthesis from solution, complex
compounds of the corresponding metal cations with
urea should be formed as intermediate compounds,
whose compositions should vary according to the
nitrate/urea ratio. A study of rare earth element (REE)
nitrate—urea—water ternary systems showed that, in

most cases, several compounds with REE nitrate/urea
ratios from 1:1 to 1:7 crystallize in each system [7].
In particular, in systems involving gadolinium
and erbium compounds at 30°C, compounds
Gd(NO,),4Ur, Gd(NO,),-2Ur [8], Er(NO,),-4Ur,
Er(NO,),-3Ur-2H,0 were reported to be formed [9].
Compounds with a REE nitrate/urea ratio of 1:4
for these elements, as well as those for the
entire series of REEs, were isolated and structurally
characterized [10-12]. Their compositions, which
turned out to include water, have the coordination
formula [Ln(H,0),(Ur),(NO,),INO, (Ln = Gd, Er).
For indium, an 1:6 complex [In(Ur)](NO,), was
described, which was used as a precursor for
the SHS preparation of gallium indium zinc
oxide [13]. When using complexes with a high
urea content under SCS conditions, complete oxidation
of all urea by the reduction of nitrate ions may not be
achieved [14]. In this regard, a question arose
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concerning the possibility of forming complexes
containing a lower urea content. The aim of this work
was to continue the search for patterns of formation
and structure of metal complexes with urea,
namely, the isolation and structural study of
complexes of indium-, gadolinium-, and erbium
nitrates having a low urea content.

EXPERIMENTAL

In the work, we used urea (special purity
grade, REAKhIM, Russia), as well as In(NO,),-5H,0,
Gd(NO,),"5H,0, and Er(NO,),"4H,0, which
were obtained by dissolving the corresponding
carbonates (reagent grade, REAKhIM) in concentrated
nitric acid (special purity grade), followed by
concentrating the solution until the formation of
crystals.

Compounds [Gd(H,0),(Ur),(NO,),] D),
[Er(H,0),(Ur)(NO,),] (I}, and [In(Ur),(NO,),INO, (III)
were synthesized by reacting the corresponding
nitrates with urea in ratios from 1:1 to 1:3 in
acetonitrile at 30-40°C. After 6 days, crystals
formed, which were separated from the mother
liquor and dried. The yield was 65-70%.

The contents of C, H, and N in the
produced compounds were determined with a
CHNS Flash EA 1112 elemental analyzer (Thermo
Finnigan, Italy) at the Center for Shared Use,

Table 1. Elemental analysis of complexes I, I, and III

MIREA - Russian Technological  University,
Moscow, Russia. The indium content in compound I1I
was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-MS) with an
iCAP 6300 Duo spectrometer (Thermo Fisher Scientific,
USA) at the Center for Shared Use, Kurchatov
Institute National Research Center—IREA, Moscow,
Russia. The gadolinium and erbium contents were
determined by complexometric titration.

The phase purity of compounds I-III was
confirmed by X-ray powder diffraction analysis.
X-ray powder diffraction patterns were recorded
with a Bruker D8 ADVANCE X-ray diffractometer
(Bruker, Germany: radiation — CukK ; filter — Ni;
detector — LYNXEYE; reflection geometry —
20 = 5°-50°; scan step size — 0.01125°; signal
accumulation time — 0.25 s) at the Research
Equipment Sharing Center of Physical Methods
for Studying Substances and Materials, Kurnakov
Institute of General and Inorganic Chemistry,
Russian  Academy of Sciences (IGIC RAS),
Moscow, Russia. Since the prepared complexes
are sensitive to air components, the diffraction
patterns were recorded using fluoroplastic cells with
clamp rings for holding a 7.6-um-thick Capton
protective  polyimide film for X-ray studies
(Safetystep,  Russia). Sample preparation was
carried out in a SPEKS GB22M sealed glove box
(Spectroscopicheskie sistemy, Russia) with a residual
water vapor content of no more than 10 ppm.

Complex Elemental content, %
I C H N Gd
Found 5.00 2.35 19.80 31.66
Calculated 4.81 2.20 19.62 31.48
I C H N Er
Found 2.93 2.01 15.73 37.43
Calculated 2.67 1.79 15.59 37.22
I C H N In
Found 8.65 3.16 26.14 21.33
Calculated 8.87 2.96 25.87 21.23
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Infrared (IR)  spectroscopic  studies  were
performed with an FSM 2201 FTIR spectrometer
(Infraspek, Russia; 4000-500 cm™', KBr pellets,
25°C). The error in measuring the frequencies of
absorption bands was no more than 3—4 cm™.

Single-crystal X-ray diffraction analysis of
the complexes I, II, and III was performed with
a Bruker SMART APEX II diffractometer (Bruker,
Germany; graphite monochromator, MoK radiation)
at IGIC RAS. The unit cell parameters were
refined over the whole dataset. The experimental
intensities were corrected for absorption using
SADABS program [Sheldrick G.M., SADABS,
Madison, Wisconsin, USA: Bruker AXS, 2008].
The structure was solved by a direct method
(SHELXS97) and refined by the full-matrix least
squares method (SHELXL-2018/3) using all data
in the anisotropic approximation for all non-hydrogen
atoms. The H atoms of the water molecule were
localized by difference Fourier synthesis and refined
without any constraints. The H atoms of NH, groups
were introduced in geometrically calculated positions
with thermal parameters U, = 1.2ch(N), where
Ueq(N) are the equivalent isotropic thermal parameters
of nitrogen atoms.

RESULTS AND DISCUSSION

The coordination compounds of indium,
gadolinium, and erbium nitrates with urea were
synthesized at metal/ligand molar ratios from 1:1
to 1:3. These ratios were chosen from the data
of the solubility diagrams of the M(NO,),-Ur-H,0O
systems [7-9]. Compounds having metal/ligand
ratios of 1:4, 1:2, and 1:1 for indium, gadolinium,
and erbium, respectively, were isolated from
saturated aqueous solutions. The complex compounds
of gadolinium and erbium, which additionally
included water, had the coordination formulas

[Gd(H,0),(Un),(NO,),] (I) and [Ex(H,0),(Un(NO,),] (II)

The indium complex was anhydrous:
[In(Ur),(NO,),]NO, (III).
The IR spectroscopy study confirmed the

presence of coordinated water molecules in the
gadolinium and erbium complexes: broad bands
are observed in the range of 3500-3200 cm'. The
broadening of these absorption bands was explained
by the formation of a developed system of
hydrogen bonds. It was shown that, in complexes I-1II,
the wurea molecule is coordinated through the
donor oxygen atom of the carbonyl group, as
evidenced by the shift of the amide I stretching
vibrations ~ (V(CO)  1641-1654 cm™) toward
longer wavelengths in comparison with free urea
(1675 cm™). The coordination of nitrate ions

[, a.u.

as bidentate cyclic ligands in complexes I and II
was confirmed by the absorption bands at
1490 (v(N-0)), 1353 (v, (NO,), 1041 (v(NO,)),
and 805 (m(NO,)) em™ [15]. Complex III contains
both monodentate coordinated and non-coordinated
nitrate ions, which results in the splitting of the
absorption bands of nitrate groups: 1498 and 1453
(v(N-0)), 1389 and 1287 (v, (NO,)), 1151 and 1033
(v.(NO,)), and 824 and 800 (n(NO,)) cm™.

The X-ray powder diffraction  analysis
confirmed the formation of new compounds in the
M(NO,),-Ur-H,O systems, where M = Er, Gd, In
(Fig. 1). Reflections of the initial compounds are
not found in the presented diffraction patterns
of complex compounds. In addition, the X-ray
powder diffraction analysis confirmed that the
obtained compounds are not isostructural to each
other.

The crystal and molecular structures of the
obtained compounds were determined by the single-
crystal X-ray diffraction analysis. Table 2 presents
the crystallographic characteristics of the complexes.

Table 3 summarizes the bond lengths and bond
angles in the presented complexes.

The gadolinium complex [Gd(H,0),(Ur),(NO,),] (I)
is  isostructural to the previously  described
praseodymium  compound [Pr(H,0),(Ur),(NO,),] [12].
It has a molecular structure; two water molecules,
two wurea molecules, and three nitrate ions are
bound to the central ion. Water molecules and urea
molecules in this compound are monodentate ligands
and are coordinated to the central atom through
donor oxygen atoms, and nitrate groups are bidentate

T T T T T v T T — T T 1
5 10 15 20 25 30 35 40 45 50 55 60
20, deg.

Fig. 1. X-ray powder diffraction patterns
of (1) Ur, (2) Er(NO,),"4H,0, (3) [Er(H,0),(Ur)(NO,),],
(4) [Gd(H,0),(Ur),(NO,),], and (5) [In(Ur),(NO,),INO,.
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Table 2. Crystallographic characteristics, details of the X-ray diffraction experiment, and refinement of structures I-111

Parameters I 1T I
Empirical formula C,H_,GdN.O,, CHEN,O , CH, InN O,
M 499.44 449.38 541.10
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P2 /n C2/c
Unit cell parameters:
a, A 10.685(6) 7.756(4) 11.232(2)
b, A 8.756(4) 10.265(5) 21.869(4)
c, A 15.367(8) 14.449(7) 7.341(2)
B,° 97.34(3) 98.33(3) 99.44(3)
v, A 1425.8(13) 1138.2(9) 1778.7(7)
V4 4 4 4
Temperature 7, K 150 150 100
Density p, g/cm? 2.327 2.622 2.021
Number of independent reflections 2073 3304 1864
Goodness of fit 1.131 1.087 1.235
R /wR, [1=20(])] 0.0544/0.0553 0.0492/0.0517 0.1012/0.0995

Note: a, b, c are the lengths of the edges of the unit cell; B is the angle between the edges of the unit cell; V' is the volume
of the unit cell; Z is the number of formula units per unit cell; and R is the reliability factor.

chelating ligands. Thus, the coordination number of
the central ion is 10. If all nitrate ions are represented
as points, then the coordination polyhedron can be
described as a distorted pentagonal bipyramid with
water molecules in the axial position (Fig. 2). The
gadolinium atom lies in the plane of the internal
polygonal base formed by the nitrogen atoms of the
nitrate ligands. The planar nitrate groups are oriented
perpendicular to the polygon base. The almost planar
urea molecules are turned about the polygon base
at an angle of 44.60°, while the angle between their
planes is 86.06°.

The somewhat shorter metal-oxygen bonds in I
than those in the similar praseodymium compound
are due to the decrease in the radius of the central atom.

In the erbium complex [Er(H,0),(Ur)(NO,),] (ID),
the erbium/urea ratio is 1:1. This is the first example
of a structurally characterized complex compound
of rare earth nitrate with urea of such composition.
This complex, as complex I, has a molecular structure.

NOOA

NOQ7

Fig. 2. Structure of [Gd(H,0),(Ur),(NO,),] (I).
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Table 3. Bond lengths and bond angles in complexes I-111

Bond length, A

Bond angle, °

Torsion angle, °

|

Gdo1 0002 2.6482(19)

0002 Gd01 0002 93.38(9)

Gdo1 O002 N006 0005 7.5(2)

Gd01 0003 2.665(2)

0002 Gd01 0003 144.46(6)

Gd01 0002 N006 O008 —171.9(2)

Gdo1 0004 2.283(2)

0002 Gd01 0003 116.17(6)

Gdo1 O003 NOOD 0003 —0.002(0)

Gdo1 0005 2.513(2)

0003 Gd01 0003 47.72(8)

Gd01 ©003 NOOD 0009 180.000(0)

Gdo1 O00B 2.411(2)

0004 GdO1 0002 71.21(7)

Gdo1 0004 CO0C N007 —-151.7(3)

0004 Gd01 0002 138.39(6)

Gd01 0004 COOC NOOA 29.7(5)

0004 Gd01 0003 73.50(6)

Gdo1 O005 N006 0002 —8.0(2)

0004 Gd01 0003 73.55(6)

Gd01 0005 N006 0008 171.4(2)

0004 GdO1 0004 143.86(10)

0004 Gd01 0005 74.34(7)

0004 Gd01 0005 137.95(6)

0004 GdO1 O00B 87.42(8)

0004 Gd01 O00B 90.07(8)

0005 Gd01 0002 49.32(6)

0005 Gd01 0002 66.85(7)

0005 Gd01 0003 123.17(6)

0005 Gd01 0003 147.80(6)

0005 Gd01 0005 80.76(9)

000B Gd01 0002 119.66(7)

000B Gd01 0002 66.55(7)

000B Gd01 0003 62.10(6)

000B Gd01 0003 109.81(6)

000B Gd01 0005 115.77(6)

000B Gd01 0005 70.90(7)

000B Gd01 O00B 171.91(9)

1I

Er01 0003 2.462(3)

0003 Er01 O00A 143.26(8)

Er01 O003 N008 0004 179.1(3)

Er01 0005 2.341(3)

0003 Er01 O00G 106.50(9)

Er01 O003 N0O0O8 O007 —1.5(3)

Er01 0006 2.400(3)

0005 Er01 0003 72.67(9)

Er01 0007 N0O0O8 0003 1.5(3)

Er01 0007 2.422(3)

0005 Er01 0006 78.83(10)

Er01 0007 N0O08 0004 —179.1(3)

Er01 O00A 2.478(3)

0005 Er01 0007 125.19(8)

Er01 O00B NOOE 0009 —169.0(3)

Er01 O00B 2.393(3)

0005 Er01 O00A 79.57(9)

Er01 O00B NOOE O00G 10.6(3)

Er01 000D 2.198(2)

0005 Er01 O00B 76.14(9)

Er01 000D CO0I NOOF 8.0(7)

Er01 000G 2.585(3)

0005 Er01 O00G 121.81(9)

Er01 O00D CO00I NOOJ —-172.3(3)
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Table 3. Continued

Bond length, A

Bond angle, °

Torsion angle, °

I

Er01 O00H 2.293(2)

0006 Er01 O003 139.70(9)

0006 Er01 O007 143.24(9)

0006 Er01 O00A 52.20(9)

0006 Er01 O00G 65.83(9)

0007 Er01 0003 52.54(8)

0007 Er01 0003 52.54(8)

0007 Er01 000G 77.46(9)

O00A Er01 O00G 108.46(8)

0O00B Er01 0003 72.21(9)

0O00B Er01 0006 73.73(10)

0O00B Er01 0007 85.00(10)

O00B Er01 O00A 123.89(9)

0O00B Er01 O00G 50.98(8)

000D Er01 O003 78.22(10)

000D Er01 O005 82.40(10)

000D Er01 O006 125.78(9)

000D Er01 0007 87.76(9)

000D Er01 O00A 74.61(9)

000D Er01 O00B 147.44(9)

000D Er01 000G 155.77(8)

000D Er01 O00H 85.80(10)

OO00H Er01 O003 128.16(9)

OO00H Er01 O005 153.13(9)

OO00H Er01 O006 88.81(10)

OO00H Er01 0007 78.13(9)

OO00H Er01 O00A 74.03(9)

OO00H Er01 O00B 123.33(8)

OO00H Er01 O00G 72.54(9)

111

Inl O1 2.169(9)

01 In1 O1 103.6(5)

In1 O1 N1 02 18.0(14)

Inl O1 2.169(9)

04 In1 O1 170.9(3)

Inl O1 N1 03 ~164.9(11)

In1 04 2.127(8)

04 In1 O1 85.5(3)

Inl 04 C1 N2 —2.4(18)

Inl 04 2.127(8)

04 In1 O1 85.5(3)

Inl 04 C1 N3 ~179.5(8)

Inl1 O5 2.114(8)

04 Inl O1 170.9(3)

Inl O5 C2 N4 170.4(9)
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Table 3. Continued
Bond length, A Bond angle, ° Torsion angle, °
111
In1 OS5 2.114(8) 04 In1 O4 85.5(5) In1 O5 C2 N5 -8(2)

05 Inl O1 92.4(3)

05 Inl O1 92.4(3)

05 Inl O1 93.2(3)

05 Inl O1 93.2(3)

05 Inl 04 87.3(3)

05 Inl 04 86.1(3)

05 In1 04 87.3(3)

05 Inl 04 86.1(3)

05 Inl 05 171.0(5)

Two water molecules, one urea molecule, and three
bidentate chelating nitrate ions are bound to the
central ion. The coordination number of the central
ion is 9. The coordination polyhedron is a tricapped
trigonal prism (Fig. 3). The planar nitrate ligands
are located in three mutually perpendicular planes
(the angles between them are 72.33°, 85.82°, and
89.36°). The almost planar urea molecule is located at
angles of 40.89°, 67.48°, and 79.43° with respect to
these planes.

In erbium complex II in comparison with
gadolinium complex I, the radius of the central atom
is much smaller resulting in the shorter lengths of
metal-oxygen bonds, as well as the number of

0004

000C

Fig. 3. Structure of [Er(H,0),(Ur)(NO,),] (II).

coordinated urea molecules (one instead of two).
In complexes I and II, there are no intramolecular
hydrogen  bonds, but numerous intermolecular
hydrogen bonds between coordinated urea molecules,
nitrate ions and water molecules of neighboring
molecular complexes.

In indium complex cis-[In(Ur),(NO,),INO, (III),
the indium/urea ratio is 1:4. The complex has an
ionic structure. Four urea molecules and two
monodentate nitrate ions occupying cis positions
are bound to the central atom. One nitrate ion is
located in the outer sphere. The coordination number
of the central ion is 6. The coordination polyhedron
is a distorted octahedron (Fig. 4). The structure is
stabilized by hydrogen bonds. Each urea molecule

06

06

Fig. 4. Structure of [In(Ur),(NO,),INO, (III).
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forms hydrogen bonds of the N-H..O type with
the neighboring urea molecule and with inner-sphere
or outer-sphere nitrate ions.

CONCLUSIONS

The analysis of the structures of the complexes
of gadolinlum and erbium nitrates with urea
demonstrated, that they are molecular with
monodentate water and urea molecules and bidentate
chelating nitrate groups in the inner sphere. The
decrease in the radius of the central atom leads to
a decrease in the number of ligands in the inner
sphere of the erbium complex in comparison with
the gadolinium complex. Although both complexes
contain two water molecules and three nitrate groups,
the gadolinium complex contains two coordinated
urea molecules, whereas the erbium complex contains
one. This leads to a decrease in the coordination
number from 10 to 9 and a significant change in
the coordination polyhedron. Thus, complex
compounds of gadolinium and erbium with a low
urea content differ in composition and structure,
in contrast to the isostructural compounds
[Ln(Ur),(H,0)(NO,),INO, (Ln = Gd, Er) containing
four urea molecules. This may be due to the
fact that wurea loses its structure-forming role
with a decrease in the number of coordinated urea
molecules. In this case, steric factors determined
primarily by the size of the central REE ion become
more important.
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