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Abstract

Objectives. To obtain silicone aluminum phosphate molecular sieves SAPO-11 with different silicon content, to determine their pore
space and acidic properties, to apply 0.5 wt % to their surface Pt, and to evaluate the effectiveness of the use of n-hexadecane in the
hydroisomerization reaction.

Methods. The chemical composition of the SAPO-11 molecular sieves obtained was determined by means of X-ray fluorescence
spectroscopy using a Shimadzu EDX-7000P device. The radiographs of non-calcined SAPO-11 were recorded on a Shimadzu
XRD-7000 diffractometer in CuKa. radiation.

Results. Silicone aluminum phosphate molecular sieves SAPO-11 containing 0.5 wt % Pt on the surface were obtained from gels. As the
Si0,/Al,O; ratio increases, the number of acid centers increases. This then leads to an increase in the conversion of n-hexadecane. The
selectivity of the formation of hydrocarbons of the structure decreases at the same time.

Conclusions. Silicone aluminum phosphate molecular sieves Pt-SAPO-11 were obtained. It was also found that the samples undergo
n-hexadecane conversion.
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Hydroisomerization of n-hexadecane on Pt-containing silicone aluminum
phosphate molecular sieves SAPO-11 with different silicon content

Marat R. Agliullin,
etal.

HAYYHAA CTATbA

MNmaoponsomepusauuns H-rekcagekaHa

Ha Pt-copepxawmx cunukoaniomodocdatHbIxX
MonekynapHbix cutax SAPO-11

C pa3/IN4yHbIM COAEPXXKaHUEeM KPpeMHUS

M.P. AFJ]I/lyJIJIl/IHI’g, A.H. Xa3unosal, A.®. Axmero2, O.A. Bay.JmH2

Y lnemumym negpmexumuu u xkamanusa, Yepa, 450075 Poccus

2 Vepumcxuii 2ocyoapcmeennwiil neghmanoti mexnuueckuil ynueepcumem, Yepa, 450064 Poccus

™ demop ona nepenucku, e-mail: maratradikovich@mail. ru

AHHOTaUuS

Heas. ITomyunts cunmkoamomodocdarasie Monekymsipasle cuta SAPO-11 ¢ pa3nudHBIM copepKaHHeM KPEeMHUS, H3ydHTh CBOH-
CTBa X MOPUCTON CTPYKTYPHI M KHCIOTHBIE CBOMCTBA; MPUTOTOBUTH HAa UX OCHOBE OM(YHKIMOHANBHBIE Pt-comepikamme Karaau3aro-
pst (0.5 mac. % Pt) i OLIEHNTH UX KaTaIUTHYECKHE CBOWCTBA B PEAKIINH THAPOM30MEPH3AIIHN H-TeKCaJeKaHa.

MeToabl. AHaIN3 XUMHYECKOTO COCTaBa CHHTE3MPOBAHHBIX cuiuKoamomopocharoB SAPO-11 mpoBoxmmu Ha mpubope Shimadzu
EDX-7000P metomoM peHTreHO(IyopecueHTHO! crekTpockonuu. Pa3oBeiii coctaB oOpasuoB SAPO-11 aHanmu3mpoBamym METOIOM
PEHTIeHOBCKOH mopomkoBoil qudpaknmu Ha auppakromerpe Shimadzu XRD-7000 B Cu-Ko u3nydenun.

Pe3yabrarsl. CHHTE3UPOBAaHbI U3 PEAKIIMOHHBIX rejieil cuinkoanomodocharasie MosekymspHbie cuta SAPO-11 ¢ pasnuusbiM coaep-
KaHueM Si M MPUTOTOBJICHBI HA UX OCHOBE OM(YHKIMOHANBHBIC Pt-comepikaliyie KaTalu3aTopbl THAPOM30MEPU3ALMU BBICIINX H-TIa-
paunos. C poctom cootHomenus SiO,/Al,O, yBenruuuBaeTCcs YUCI0 KHCIOTHBIX LIEHTPOB, YTO MPHBOAUT K BO3PACTAHMIO KOHBEPCHH
H-rexcajexana. CeneKTHBHOCTh 00pa30BaHus YIIIEBOIOPOAOB U30-CTPOCHHS IIPH 3TOM CHHIKAETCH.

BriBoapl. YcranopieHo, uto cooTHomeHue SiO,/Al,O; B MCXOMHBIX PEaKIMOHHBIX TelAX OKAa3hIBACT BIMSHHE KaK Ha KOHICHTpa-
LU0 KUCJIOTHBIX LIEHTPOB, TaK M Ha CBOMCTBA MOPHUCTON CTPYKTYphI cuitnkoattomodocharoB SAPO-11. [TokazaHo, 4TO COOTHONICHHUE

Kniouesbie cnoea

H-TCKCaaCKaHa

Ana uunTnpoBaHua

MOJIEKYJISIpHBIC cuTa, crimkoamoModocdar SAPO-11, karannu3aTopbl THIPOU30MEPH3AIIN

SiOZ/A1203 OKa3bIBACT CYIIECTBEHHOE BIMSIHUE Ha KaTtajguTuyeckue cBoictBa SAPO-11 B rumponzomMepu3aniy H-rekcaiekaHa.

MocTtynuna: 15.03.2024
Aopa6oTaHa: 08.04.2024
MpuHara B neyatb: 01.07.2024

Armuymna MLP., XaszunoBa A.H., AxmeroB A.®., baynun O.A. ['mapousomepusanus #-rekcajekana Ha Pt-copepikamx CHIMKOAITIOMO-
(hocharHbIx MoseKyIApHBIX cuTax SAPO-11 ¢ pasnuuHbIM conepskaHueM KpeMuust. Toukue xumuueckue mexronoeuu. 2024;19(4):273-278.
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INTRODUCTION

Zeolite catalysts are widely used in modern oil refining
and petrochemistry [1-2]. Silicoaluminophosphate
molecular sieves (SAPO-n) are used [3—10] in particular,
for the hydroisomerization of n-paraffins C, ,—C,¢. Their
efficiency is determined by acidity, pore size and the
nature of adsorbed metal. The catalytic properties of
SAPO-n zeolites are largely determined by the silicon
content and the preparation technology, on which the
pore size and acidity depend [3, 11-19].

We have previously described the preparation of
SAPO-11 molecular sieves (structured type AEL) with
a one-dimensional channel system and a pore size of
4.0-6.5 A and SiO,/Al,O, ratio of 0.1 and 0.5 (SAPO-11-0.1
and SAPO-11-0.5), used in the oligomerization process

of o-methylstyrene [20]. Continuing this research, we
deposited 0.5 wt % metallic platinum on these zeolites. After
extruding and grinding, particles of 2040 pm size were used
as catalysts for the hydroisomerization of n-hexadecane.

MATERIALS AND METHODS
SAPO-11 Synthesis

SAPO-11 silicoaluminophosphate molecular sieves were
synthesized according to the method described in [21]
from reaction gels with the following compositions:
1.0AL,05 : 1.0P,05 : (0; 0.2; 0.5) SiO, : 1.0(Templat) :
45H,0. Phosphoric acid (H;PO,, 85%, Reakhim,
Russia), pseudobemite  (AIO(OH), 72%  Al,O;,
Ishimbay Specialized Chemical Catalyst Plant, Russia),
white soot (SIGMA, USA), di-n-propylamine (99%,
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Table 1. Chemical and phase composition of reaction gels and their crystallization products (SAPO-11 and AIPO-11 molecular sieves)

Sample o gﬁ:ﬁ;?;lcrzzg?;ifﬁgss Chemical composition of SAPO-11 Crystallinity, %
AIPO-11-0 Al 10P0 95510 00 Al 40P .9gSig oo (AIPO-11) ~93
SAPO-11-0.1 Al 00P0.98510 05 Al 00P0.00S15 03 (SAPO-11) ~92
SAPO-11-0.5 AL 60P0.0gS10 25 AL 40P0.01Sip 15 (SAPO-11) ~95

Acros Organics, Belgium) and distilled water were used
in the preparation of reaction gels. After the addition of
all components, the reaction mixture was stirred at room
temperature (25°C) for 1 h. The resulting thick gel was
then incubated in an air thermostat for 24 h at 90°C. It
had previously been found that preliminary aging of the
gel at 90°C allows silicoaluminophosphate SAPO-11
of high phase purity and degree of crystallinity to be
selectively obtained during its further crystallization [21].
After the aging step, the gels were loaded into Teflon-
coated autoclaves (TEFIC, China) and crystallized at
200°C for 24 h. After crystallization, the reaction mass
was centrifuged, washed with distilled water and dried at
100°C for 24 h. The SAPO-11 samples obtained from gels
with SiO,/Al,O; ratios of 0.1 and 0.5 are designated as
SAPO-11-0.1 and SAPO-11-0.5. Furthermore, a sample
from a silicon-free gel was synthesized and designated as
AIPO-11.

Preparation of catalytic systems

Bifunctional catalysts containing platinum (Pt/SAPO-11)
were prepared in the following way: SAPO-11 samples
with different silicon contents calcined at 600°C for 6 h
in air were impregnated with an aqueous solution of
H,PtCl;-6H,0 at the rate of 0.5 wt % Pt per weight of
catalyst, then dried at room temperature at 25°C for 48 h
and at 100°C for 24 h. The samples containing platinum
compounds were then calcined in a muffle furnace
at 600°C for 6 h in air. Next, the samples containing
platinum compounds were subjected to calcination in
a muffle furnace (LIOP, China) at 550°C for 5 h. After
calcination, the samples were extruded, pulverized
and sieved, in order to obtain a particle size fraction
of 20—40 pm. The samples containing Pt SAPO-11-0.1
and SAPO-11-0.5 are hereinafter designated as
Pt/SAPO-11-0.1 and Pt/SAPO-11-0.5, respectively. The
silicon-free catalyst sample is designated as Pt/AIPO-11.

1

Methods of material analysis

The chemical composition of the synthesized SAPO-11
silicoaluminophosphates was analyzed using an
EDX-7000P (Shimadzu, Japan) instrument by means of
X-ray fluorescence spectroscopy.

The phase composition of SAPO-11 samples was
analyzed by means of X-ray powder diffraction on an
XRD-7000 diffractometer (Shimadzu, Japan) in Cu-Ko
radiation. Scanning was carried out in the region of 20
angles from 5° to 40° with a step of 1 deg/min. The
processing of X-ray images and phase analysis were
performed using the Shimadzu XRD program. The
crystallinity was evaluated by the content of amorphous
halo in the region from 20° to 30° of 26 angles using the
Shimadzu XRD program.

More detailed properties of the synthesized
silicoaluminophosphate molecular sieves SAPO-11 are
described in the dissertation of O.S. Travkina!.

Hydroisomerization of n-hexadecane

The hydroisomerization reaction of n-hexadecane
(n-C ¢Hsy,  99%, ReaKhim, Russia) was carried
out in an integral flow reactor under a pressure
of 3.0 MPa at 280-350°C with a molar ratio of
H,/n-C,cH;, = 12 mol/mol and a mass feed rate of
2 h™!. The reaction products were analyzed by means
of gas—liquid chromatography on HRGC 5300 Mega
Series Carlo Erba chromatograph (Carlo Erba, Italy)
using a flame ionization detector (glass capillary
column 50 m, SE-30). The products were identified
by means of chromatography-mass spectrometry on a
chromatography-mass spectrometer GCMS-TQ8050
(Shimadzu, Japan) using the WILEY mass-spectrum
library. The physicochemical characteristics of the
products obtained corresponded to the data available in
literature [9].

Travkina O.S. Granular zeolites A, X, Y, mordenite and ZSM-5 of a high degree of crystallinity with a hierarchical porous structure: synthesis,

properties and application in adsorption and catalysis. Diss. Dr. Sci. (Chem.). Ufa; 2023. 332 p. (in Russ.).
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RESULTS AND DISCUSSION

The hydroisomerization of n-hexadecane n-C, ;H,, upon
the PYSAPO-11-0.1, PYSAPO-11-0.5, and Pt/AIPO-11
samples in the temperature range 280-340°C was
studied (Fig. 1). It was found that the reaction products
mainly contain methyl pentadecanes. Among them the
corresponding 2-, 3-, and 4-monomethyl derivatives are
the main isomers.

CH, CH,

CH,;(CH2)14CH, %» CH3CH(CHy);,CH; + CH;CH,CH(CH,); ,CH; +
2

CH, CH, CH,

+ CHy(CH2)2CH(CHa) oCH; + CHyCH(CH,)nCH(CH,),CH;  m +n =10
‘ Fig. 1. Hydroisomerization of n-hexadecane n-C, H,,

It follows from [22] that the predominant
formation of such products (Table 2) is associated
with the structure of the microporous structure of
silicoaluminophosphates Pt/SAPO-11. In parallel, low
hydrocarbons C—Cj (cracking products) are formed in
small amounts.

When the loading ratio of SiO,/Al,O; is increased
to 0.5, the selectivity of their formation increases up
to 30% (310°C). As temperature increases from 310 to
340°C, the selectivity of isomerization sharply decreases,
and the main priority is cracking (Fig. 2).

It follows from the data obtained (Table 2) that
the catalyst Pt/SAPO-11-0.1 is more effective for
isomerization processes, providing a higher total yield of
isomers. We assume that this is due to the number of acid
centers in the sample Pt/SAPO-11-0.5, which are 5 times
greater, including on the outer surface of the crystals,
relative to the sample Pt/SAPO-11-0.1.

—@— SAPO-11-0.5

—— SAPO-11-0.1

Conversion of n-C %
>
1

O T T T T T T T T T T T T T 1
280 290 300 310 320 330 340

Temperature, °C

@

Selectivity of iso-cw %

Table 2. Results of hydroisomerization of n-hexadecane at 310°C
on Pt-containing samples of silicoaluminophosphate molecular
sieves

Name Pt/SAPO-11-0.1 | Pt/SAPO-11-0.5
Conversion of n-C 4, % 90 94
Selectivity of Xi-C,, % 78 71
Composition of reaction products, %
2-MeC, 5, % 21 20
3-MeC 5, % 18 16
4-MeC s, % 13 11
5-MeC,5, % 5 3
6-MeC, 5, % 9 6
(CH;),C, 4 % 12 15
2C—Cyq, % 22 29

Symbols: selectivity of Zi-C, ¢ is the total selectivity for C,, isomers;
(CH,),—C,, is di- and trimethylisomers of C, ;; £C,—Cq are cracking
products.

It should be noted that in the silicon-free
aluminophosphate Pt/AIPO-11, the hydroisomerization
of n-C,cH;, under these conditions is not observed.
We attribute this to the fact that the acid centers in
silicoaluminophosphates, responsible for the course of
skeletal isomerization, are formed only when silicon
oxide is introduced into the material. This was shown in
a previous study [23].

100 —

80

60 —

—@— SAPO-11-0.5
—— SAPO-11-0.1

40
20 -

0 —
280

T T T T T T T T T T T 1
290 300 310 320 330 340

Temperature, °C

(b)

Fig. 2. Hydroisomerization of n-hexadecane over Pt/SAPO-11 catalysts: (a) conversion of n-C ; (b) selectivity of iso-C, ; formation
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CONCLUSIONS

This study examined the effect of different silicon
content on the degree of crystallinity, morphology and
size of SAPO-11 silicoaluminophosphates. Samples
SAPO-11-0.1 and SAPO-11-0.5 with 0.5 wt % Pt
deposited were investigated as catalysts for the
hydroisomerization of n-hexadecane. It was shown
that the samples of bifunctional catalysts at 300°C,
3 MPa, 2.0 h™! and H,/C;, = 12 mol/mol enable
iso-hexadecane yields of at least 70% to be
obtained, with n-hexadecane conversion of more
than 90%.
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Abstract

Objectives. To calculate the molar enthalpy of vaporization of binary homogeneous mixtures based on isothermal and isobaric vapor—
liquid equilibrium data, and to compare the results of calculation of molar enthalpy of vaporization by different methods with experimental
data.

Methods. Simulation of the vapor-liquid equilibrium of binary systems according to the Non-Random Two Liquid “local compositions”
equation and thermodynamic calculations of molar vaporization enthalpies of binary mixtures at different conditions of vapor-liquid
equilibrium were used.

Results. Arrays of calculated data were obtained with regard to molar enthalpies of vaporization for 25 compositions of binary
azeotropes (isothermal, isobaric conditions of phase equilibrium), and the full range of compositions of the benzene—cthanol system
at atmospheric pressure.

Conclusions. The accuracy of thermodynamic methods for calculating the vaporization enthalpy of binary azeotropic mixtures according
to vapor—liquid equilibrium data is higher in 85% of cases for isothermal, and in 75% of cases for isobaric conditions. By taking into
account the influence of temperature on the activity coefficients of components in the liquid phase, the values of excess molar enthalpy
both for azeotrope compositions and for the full concentration range of the benzene—ethanol system under isobaric conditions of liquid—
vapor phase equilibrium can be accurately reproduced.
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HAYYHAA CTATbA

CpaBHeHue MeTo4 0B pacyeTa 3HTaNbnNum
napoooOpaszoBaHua OMHaAPHbIX a3€0TPONHbIX cCMecen

J.A. Poikkun, B.M. Paesa™

MUPDA — Poccuiickuii mexnonoaudeckuil ynugsepcumem (Muncmumym moHKux XumMuieckux mexuonio2uil

um. M.B. Jlomonocosea), Mocxea, 119571 Poccus

™ demop ons nepenucku, e-mail: raevalentinal @gmail.com

AHHOTaUuS

He.Jm. Pacuer MOJISIPHBIX SHTAJIBITUN napoo6pa3033HHﬂ 6I/IHapHI)IX TOMOTCHHBIX CMECEH 110 HU30TEPMUYCCKUM U I/I306apI/I‘I€CKI/IM JaH-
HBIM IMApOKUAKOCTHOT'O PABHOBECHUSA; CPABHCHUC PEIYJILTATOB pacu€Ta MOJIAPHBIX SHTAJIBITAN napoo6pa3013aHHﬂ 10 pa3HbIM METOAaM
C SKCIICPUMECHTAJIbHBIMU JJTaHHBIMHU.

MeTtoapl. MonenupoBanie MapoXXKUIKOCTHOTO pPaBHOBECHS OWHAPHBIX CHCTEM II0 YPaBHEHMIO «IOKANBHBIX cocTtaBoB» NRTL
(Non-Random Two Liquid); TepMoanHaMIdeckne pacdeTsl MOISPHBIX SHTANBIHI TapooOpa30BaHus cMecel B Pa3HBIX YCIOBHUX Mapo-
JKHUIKOCTHOTO PAaBHOBECHSI.

Pesyabrarsl. [ToydeHbl MACCUBBI PACYECTHBIX JAHHBIX 110 MOJISIPHBIM SHTAIIBITHAM ApO0Opa3oBaHus 471 25 cOCTaBOB OMHAPHBIX a3€0-
TPONOB (M30TEPMUYECKHE, N300apHUYeCKHe YCIoBUs (Pa30BOTO PABHOBECHS) M TIOJHOTO JAUAITa30Ha COCTABOB CHCTEMBI OCH30JI—3TaHOI
pu aTMOC(EepHOM JIaBICHHH.

BriBoabl. TOUHOCTH TEPMOAMHAMUUECKHUX METOIOB pacyeTa SHTaNbIHi MapooOpa3oBaHKsl OMHAPHBIX a3€0TPOITHBIX CMECEH MO JAHHBIM
MapOKUJIKOCTHOTO PaBHOBECHS BBIIIE B 85% ciTyuaeB /I M30TEPMUUECKHX U B 75% ciydaeB A H300apHUECKUX YCIOBUH. YUeT BIH-
STHUS TEMIIepaTypbl Ha KO3()GUINEHTHI AKTHBHOCTH KOMIIOHEHTOB B XHU/IKOH (pa3e Mo3BoMseT Ka4eCTBEHHO BEPHO BOCIIPOM3BOUTH 3HA-
YeHHs U30BITOYHON MOJISIPHOM SHTANIBIINY KaK JJIsl COCTABOB a3€0TPOIOB, TAK U AJISI TOJTHOTO KOHIIEHTPAI[OHHOTO TUaNa30Ha CHCTEMBI

Kniouyesblie cnoea

paBHOBecHe

Ana uunTUpoBaHua

MOJTSIpHAs SHTANIBITHS TAPO0OPa30BaHusl, OMHAPHBIE A360TPOIIBI, MAPOKUIKOCTHOE

OCH30/1-3TaHOJ B N300apHYECKHUX YCIOBUAX (PA30BOr0 PAaBHOBECHUS XKUIKOCTb—IIAp.
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INTRODUCTION

The enthalpy of vaporization is the most important
thermophysical property of substances and mixtures [1-4].
The accurate estimation of the enthalpy of vaporization
and its dependence on temperature is a requirement for
the study of phase transitions [5—-7]. In order to calculate
the thermal balances of distillation columns, reliable data
on molar enthalpies of vaporization of substances H 8
and mixtures Hy (designations: V—vaporization,
O0—pure substance) in different conditions of phase
equilibrium are necessary [8—10].

Direct calorimetric measurements of vaporization
enthalpies are difficult and time-consuming [5, 11-15].
Experimentally measured H+y, values of mixtures are
given in [16-20] for individual compositions. There are
few experimental data for the full range of compositions
of binary systems Hy(x) [9, 14, 21-23]. Hy(x)

binary mixtures can be calculated using different arrays
of experimental data: excess enthalpies (heat of
mixing) of liquid solution HE(x) (index E stands
for Excess); and enthalpies of vaporization of pure
substances at a particular temperature [9, 23, 24].
Thermal calculations of distillation columns require
data Hy;(x,T) on the isobaric conditions of vapor—
liquid equilibrium (VLE).

Data on the enthalpies of vaporization of
multicomponent mixtures is much less common. The
calorimetric measurements are usually carried out for
specific compositions of hydrocarbon fractions [25-27]
and fuel mixtures [28-30].

Due to the limited amount of experimental data,
including those under different VLE conditions, reliable
methods need to be developed to calculate the enthalpies
of vaporization of mixtures [9, 15, 20]. Currently,
methods for calculating and/or predicting the enthalpies
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of vaporization of individual substances belonging to
certain classes of organic compounds using a limited
amount of experimental data have predominantly
been developed. The possibilities of calculations using
various models and equations of state are considered
in [32-35].

Thermodynamic methods for calculations of molar
enthalpies of vaporization can be successfully applied
to hydrocarbons and their binary mixtures [36-38].
For substances and mixtures, the components of
which form hydrogen bonds, special methods for
calculating enthalpies of vaporization have been
developed [35, 39-41].

CALCULATIONS

A simplified method for calculating the molar enthalpies
of vaporization Hy, of multicomponent systems from
P(T) data for the vapor phase under different VLE
conditions is presented in [15]. Let us assume that the
vapor phase state of a multicomponent system is
determined by the equation of state (1) [42, 43]:

PV =ZRT, (1)

where P—pressure; V—volume of vapor phase; Z—
compressibility coefficient; R—universal gas constant;
T—temperature, K. According to the Clausius—Clapeyron
equation, the Hy; values are defined as:

dinP
Hy = —RZLI(I / T)L )

If by correlating the experimental P-T data, the
following dependence coefficients can be obtained:

b
InP=a+—, 3
at ®)

then we can calculate the values of molar enthalpies of
vaporization by using the following formula [15]:

Hy =—RZb, (4)

where a and b are correlation coefficients. Instead of
correlation of experimental data, the following ratio can
also be applied:

RZAIn P
Hy =-—2>——. 5)

{7
T

At phase equilibrium, the pressure P over the liquid
phase of composition x; is defined as:

N
pP= inyipio’ (6)
i=1

where i—component; y—activity coefficient of the
component; P0 —saturated vapor pressure of the
component. In order to calculate phase equilibria, phase
equilibrium models can be used which take into account
the dependence of activity coefficients on the mixture
composition and model parameters in various
ways [43, 44]. For example, for calculations of VLE and
molar enthalpies of vaporization from P(7) data of
N-component systems, we used the dependence of the
activity coefficients of the components on the mixture
composition and parameters of the following VLE
model: UNIFAC (UNlversal Functional Activity
Coefficient) [15] and NRTL (Non-Random Two
Liquid) [45].

Tamir [15] obtained a thermodynamic expression
which establishes the relationship between the pressure
and temperature of the N-component system under VLE
conditions:

dlnP ZZV: nylPoj(dln};O H
+
P dT

5B P0 dy;

+ D x —L
For azeotropes (Az), Qoyi / P=1. After introducing
the assumption that the activity coefficients of the
components are independent of temperature
(dy; /dT =0), which is strictly true only for athermal

solutions, Eq. (7) can be transformed to the following
form:

N | dnpP?
HY? :RTzZZx{ dT’ } ®)
i=l1

Tamir [15] used Antoine’s Eq. (9), in order to
calculate the dependence of the saturated vapor pressure
of the components on temperature, i.e., Eq. (10) is valid
for pure substances:

B
lg})z'oz‘/q‘i_(T_Fc_)’ (9)

d B,
=P 5 (10)
dr (T +C; )
where A4, B, and C are equation coefficients (9).
In order to calculate the enthalpies of vaporization of
mixtures of azeotropic composition H{}Z, a simplified
expression is proposed [39]:

H{? =2. 3026RT2ZZ(—C)2
r+

where ¢ is a temperature, °C.
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Tamir [15] calculated Héz for the ideal vapor phase
(Z=1):

N x.B
H{? =23026RT?Y —1_. (11)
S +C)?

In fact, the enthalpy of vaporization of a mixture of
azeotropic composition is determined in Eq. (11) by the
data Pl-0 (T) for individual components.

Earlier we proposed a procedure for calculating the
enthalpy of vaporization Hy, of binary and three-
component systems under the assumption of ideal vapor
phase behavior, while taking into account the temperature
dependence of the activity coefficients of the components
for any (zeotropic, azeotropic) compositions [45, 46]:

N
P=>Y PUT)x;y,(x.T). (12)
i=1

For binary systems we formulate dP/dT as follows:

dPo(T dy.(x,T
ar _ it )xiyi(x,T)+}}0(T)xiM =
dar 5\ dr dT
P (13)
dPX(T dy;(x,T
=3 | LD oy oy DT
fary) dT dT

The values of dP/dT and enthalpy of vaporization
of mixtures (14) were determined on the basis of the
calculated data of VLE.

_ dP RT?

Voar p -

A comparison of experimental data arrays Hy;(x)
with calculated values was previously carried out for the
full range of compositions of the benzene—cyclohexane
system under isobaric VLE conditions [45], the behavior
of the vapor phase of which can be considered ideal [47].
The maximum relative errors for arrays of calculated
values of the benzene—cyclohexane system at 50.662,
75.992, and 101.320 kPa do not exceed 5, 5.1, and
6 relative % (rel. %), respectively [45]. A comparison of
the results of calculations of molar enthalpies of
vaporization, must not only be based on the quantitative
indices. The qualitative correspondence of signs of
excess values determined from experimental and
calculated data was shown to be fundamental.

Molar enthalpies of vaporization can be represented
through partial values of

(14)

Hy =(HY, + HE)x + (HY, + HE))x,. (15)

Here H%l and I-_I{E,Z are partial excess enthalpies of
the components, x; is the composition of the azeotrope

(i=1; 2). The partial excess enthalpies for the vapor and
liquid phases have opposite signs. The excess value {5,
can be determined from experimental or calculated data
Hy, [23,24, 45]:

HE =Hy + HY, (16)

where H{4 is an additive value:

H¥ = 7Y x + HY x,. (17)

A comparison of experimental and calculated values
H 5 (x) for the benzene—cyclohexane system shows that
the use of Eq. (14) provides a qualitatively correct
reproduction of the sign of the excess thermodynamic
quantity [45].

The purpose of the present study is to compare
experimental and calculated data of molar enthalpies
of vaporization for binary homogeneous azeotrope
compositions under different VLE conditions.

RESULTS

Binary mixtures of azeotropic compositions H%"p for
which viable modeling of VLE using the NRTL model is
possible, were selected from the array of experimental
data [15] (Tables 1 and 2). The parameters of the NRTL
equation were taken from the database of the
Aspen Plus V.10.0 software package. The azeotropic
data description errors do not exceed 5 rel. % for
compositions and 0.4 rel. % for temperature.
Table 2 additionally summarizes the calculated pressure
values P°¢ (kPa) obtained from the NRTL model.

The molar enthalpies of vaporization of binary
mixtures of azeotropic compositions were calculated in
different ways according to VLE data.

MethodI. VLEand Hy; werecalculated independently
using the Aspen Plus V.10.0 platform. Saturated vapor
pressures of components Pl-o in the software package
were determined by the following expression:

C,.
lnPl.0 =C; + 2

+C, T+Ce.InT+C..T 7. (18
i T+C3l- 4i Si 6i (18)

C,/C;;  coefficients are given in  the
Aspen Plus V.10.0 database.

Molar enthalpies of vaporization of substances H?,,-
were calculated by means of the Watson equation in the
following form:

HY,(T) = Hy, ()| —= : (19)
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where T; is the critical temperature of component i (index ¢
stands for critical); 7| is the temperature for which the
experimental value of enthalpy of vaporization H:‘, is
known; and T is the temperature for which the calculation
of HY, is performed. Parameters a, b, and critical
temperature T,; values are from the NIST database'.

The enthalpy of vaporization of the mixture Hy, was
determined as follows:

Hy=HYV -H, (20)

where HY and H" are molar enthalpies of vapor (V) and
liquid (L) of a mixture of a particular composition.

Method II. The calculations of mixtures Hy, were
carried out using the VLE data (Egs. (13) and (14)). The
procedure for calculating dP/dT is described in detail
in [45]. The molar enthalpies of vaporization of individual
substances 1 {),l. (18) were determined using the
coefficients of the Antoine equation in the form presented
in a previous study [46]:

0
o _dF’ RT?

= —. 21

In all tables, molar enthalpies of vaporization of
mixtures Hy, are given in kJ/mol, compositions of
mixtures—in molar fractions of the component indicated
in the name of the mixture first.

Tables 3 and 4 show the data sets for comparison of
experimental values H S,Xp with the results of calculations
HE by methods 1 and II. Relative errors AH\, were
determined in the standard way:

HeXP _Hcalc

AH,, =
v x
HV

(22)

For Egs. (4) and (11) in [15] only errors (22) are
given, by which we determined the calculated values of
Hy; (Tables 3 and 4).

Table 1. Experimental values of molar vaporization enthalpies for binary mixtures (azeotropic compositions)

at atmospheric pressure [15]

No.* Mixture 1-2 T,K x;, mol. fr. HG®, kJ/mol
1 p-Xylene-hexanol-1 411.49 0.870 42.0
2 Toluene—2-methylpropanol-1 372.64 0.550 39.9
3 Toluene—butanol-1 378.20 0.680 342
4 Benzene—methanol 330.62 0.609 33.6

*Experimental point number.

Table 2. Experimental values of molar vaporization enthalpies for binary mixtures (azeotropic compositions) at isothermal VLE [15]

No. Mixture 1-2 T,K x,, mol. fr. Hy'?, kJ/mol Peale kPa
5 Chloroform—ethanol 320 0.859 31.7 65
6 Acetone—chloroform 320 0.384 33.6 54
7 Propanol-1-ethyl acetate 330 0.218 34.6 52
8 Ethanol-1,4-dioxane 330 0.871 39.7 42
9 Water—1,4-dioxane 330 0.447 39.7 30

I Standard Reference Database of National Institute of Standards and Technology. NIST Chemistry WebBook. Number 69 (SRD 69). 2022.

https://doi.org/10.18434/T4D303
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Table 2. Continued

No. Mixture 1-2 T,K x, mol. fr. Hy?P, kI/mol Peile kPa

10 Carbon tetrachloride—propanol-1 320 0.876 33.0 39

11 Methanol-benzene 350 0.649 332 198

12 Cyclohexane—propanol-2 330 0.647 349 64

13 Water—2-chloroethanol 350 0.852 42.8 45

14 Benzene—cthanol 350 0.522 34.9 139

15 300 0.903 31.0 24
Tetrahydrofuran—water

16 320 0.855 32.1 55

17 320 0.582 42.4 9
Water—formic acid

18 360 0.490 41.1 50

19 310 0.718 44.7 8
Water—pyridine

20 350 0.758 41.5 53

21 293.8 0.296 36.4 11

22 314.2 0.341 36.0 30

23 Ethanol—ethyl acetate 320 0.384 35.8 38

24 334 0.417 35.5 67

25 363.2 0.543 34.8 189

Note: Experimental point numbers are given for each temperature condition.
Table 3. Calculated values of molar vaporization enthalpies and relative errors at 101.32 kPa
Eq. (4) Eq. (11) Method I Method II
No. H{’/alc , Al % H\c/alc , AH.. % H\c/alc , AH.. o H\c/alc , AH.. o
kJ/mol v kJ/mol v kJ/mol v kJ/mol v

1 452 7.6 43.8 4.4 37.2 —-11.5 39.0 -7.1

2 40.7 1.9 46.2 15.7 35.6 -10.8 373 -6.5

3 30.5 -10.8 29.8 -12.9 34.7 1.5 36.4 6.3

4 32.6 -3.0 32.7 -2.6 323 -39 339 0.9

Note: the mixture number corresponds to the same number in Table 1.
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Table 4. Calculated values of molar vaporization enthalpies and relative errors at isothermal VLE

Eq. (11) Method I Method II
No.
HE®, KkJ/mol AHy,, % HE®, KJ/mol Ay, % HEC, KkJ/mol AHy;, %

5 31.5 -0.6 31.4 -1.0 31.8 0.3
6 36.4 8.3 32.0 —4.9 32.8 -23
7 32.7 =55 343 -0.7 34.6 0.1
8 38.7 —2.5 39.7 —-0.1 40.4 1.7
9 40.4 1.8 39.2 -1.2 39.7 0.1
10 324 -1.8 325 -1.5 33.1 0.4
11 31.5 —5.1 31.7 —4.6 33.8 1.8
12 33.6 -3.7 345 -1.1 35.1 0.6
13 433 1.2 424 -1.0 42.7 -0.3
14 352 -3.7 33.8 -3.2 35.1 0.7
15 28.5 —8.1 329 6.0 33.2 7.1
16 30.9 —3.7 324 0.8 32.9 2.5
17 44.5 5.0 36.4 -14.1 40.8 -3.9
18 44.1 7.3 33.7 -17.9 38.8 —5.5
19 33.6 4.5 433 -3.1 43.6 -2.5
20 46.7 1.0 41.5 0 41.8 0.7
21 41.9 4.5 36.8 1.1 36.7 0.8
22 38.0 4.3 35.7 -0.8 359 -0.4
23 37.5 —4.5 355 -0.7 35.8 —0.1
24 342 4.6 34.8 -2.0 35.4 —0.3
25 37.1 5.7 33.4 -3.9 35.2 1.3

Note: the mixture number corresponds to the same number in Table 2.

Method II provides a higher level of calculation
accuracy when compared to Eqs. (4) and (11), and
method I for atmospheric pressure in 75% of cases
(Table 3). For isothermal VLE conditions, method II
provides a more accurate calculation compared to the
results of (11) for 85% of azeotropic compositions
(18 out of 21) (Table 4). The accuracy of calculations
using method II is lower than by method I only in the

systems ethanol-1,4-dioxane, tetrahydrofuran—water,
and pyridine—water (Nos. 8, 15, 16, 20, Table 4).

For the benzene—ethanol system, experimental data
HyP(x) is also available for the full range of
compositions at atmospheric pressure, but no
temperature values are given [22]. The calculated
values obtained by the NRTL model are presented in
Table 5.
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The calculation of VLE using the NRTL model was
performed with the binary interaction parameters (<., T

. . e
Gij, Gji, a) in the following form:
= + bl G.. = (_
T =4y 7 Ui =exp ocrl.j),

where i and j are component indices; 1, o, and G are
parameters of the NRTL equation. The parameter o
determines the ordering of the molecule distribution in
the solution and is related to the coordination number
of the liquid, t is the reduced energy parameter, and
G is a variable characterizing the interaction energy.
The values i = 1; 2, j = 1; 2. The parameters were
estimated on the basis of experimental data of the VLE
of the benzene (1)—ethanol (2) system [48, 49]. Where
a,;,=0.7596,b,,=309.183,a,,=-5.8653,b,,=2314.74,
and o = 0.604. The average relative errors of the array
descriptions do not exceed 1.01 (maximum 3.55)
rel. % for vapor phase compositions and 0.02
(maximum 0.08) rel. % for temperature.

The arrays of calculated data for the benzene (1)-
ethanol (2) system at atmospheric pressure are
summarized in Table 5. The average relative errors of

calculation of molar enthalpies of vaporization of binary
mixtures do not exceed 3 rel. %.

The concentration dependencies Hy(x) are
presented in Fig. 1. Quantitative differences are caused,
as in the case of the benzene (1)—cyclohexane (2)
system [45], by the values of molar enthalpies of
vaporization of pure substances calculated differently by
Egs. (16) and (18).

Method II provides a qualitative coincidence of
concentration dependence types for experimental and
calculated data, namely in the whole range of
compositions Hy, < H{‘;dd (Fig. 1b). Method I provides
qualitatively incorrect results for benzene-enriched
mixtures: Hy, > H{‘,dd, which does not correspond to
the experimental data (Fig. 1a).

The excess values H\E, were calculated using
Egs. (16) and (17). Quantitative agreement of the values
of H\E/, determined on the basis of experimental and
calculated values under isobaric VLE conditions was not
achieved. However, method Il also qualitatively correctly
reproduces the sign of the excess component of the molar
enthalpy: H \E, <0 for all compositions of binary mixtures
(Fig. 2b).

Table 5. Experimental and calculated values of the enthalpy of vaporization and relative errors for the benzene (1)—ethanol (2) system

at 101.32 kPa
Experiment [22] Method I Method II
m())cll fr. HYP il JBIEE it HEE /282
tejfil Kl/mol Wiol | A% | iyl el | SR g
1 30.6 0 30.7 —-0.36 0 32.0 —4.35 0
0.929 31.2 —-0.02 31.9 —2.18 0.53 30.9 0.81 —1.64
0.852 31.6 -0.23 322 —-1.80 0.19 31.6 —0.04 —-1.63
0.770 323 —-0.20 323 —-0.13 —0.34 32.6 -0.99 —-1.35
0.672 325 -0.77 325 —-0.01 —0.98 33.6 -3.17 -1.27
0.540 329 —1.45 33.0 —-0.36 —1.58 344 —4.40 —-1.61
0.410 33.6 -1.82 33.9 —-0.97 -1.78 34.9 —3.78 —2.24
0.310 352 -1.01 34.8 1.19 -1.74 352 0.11 -2.79
0.208 36.5 —0.57 359 1.61 —-1.50 355 2.65 -3.34
0.086 37.8 —-0.25 37.7 0.47 —0.80 36.4 3.71 -3.53
0 38.8 0 39.2 —1.05 0 40.7 —4.98 0
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Fig. 1. Dependencies of molar vaporization enthalpy for benzene (1)—ethanol (2) system on the composition:

(a) method I,
(b) method II
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Fig. 2. Comparison of experimental and calculated values of the excess molar vaporization enthalpy for benzene (1)—ethanol (2)

system at 101.32 kPa:
(a) method I,
(b) method II

The results obtained are similar to the conclusions for
the benzene—cyclohexane system at 50.663, 75.992, and
101.320 kPa (Table 6). Method II allows qualitatively
correct types of concentration  dependencies
H{E,(x) < 0 to be obtained, while method I familiar-
variable ones to be obtained, when in one region of
compositions H\F7 are negative and in the other—
positive [45].

Thus, the calculation of molar enthalpies of
vaporization of binary systems from dP/dT data under
VLE conditions is more correct for isobaric conditions.

The properties of binary systems formed by non-
associated liquids are wusually linear functions of
composition or exhibit insignificant deviations from
additive values. However, the enthalpies of vaporization

of mixtures Hy, are an exception [9]. Therefore, for
systems containing substances which form complexes of
molecules, the association constants of molecules in the
vapor phase must be taken into account [40]. Analysis of
experimental calorimetric data for binary systems
containing lower carboxylic acids allowed the
authors [40] to conclude that simplified methods for
estimating enthalpies of vaporization in mixtures with
associated components are acceptable, if the excess
molar enthalpy (heat of mixing) of the liquid solution
does not exceed 5% of the enthalpy of vaporization.

It was established that calculated values HEC,
obtained from dP/dT data at VLE are less accurate than
calculations based on independent arrays of experimental
data in systems formed by components capable of
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Table 6. Excess values for benzene (1)—cyclohexane (2) system at isobaric vapor—liquid

Pcalc, kPa
. 101.320 75.992 50.662
1°
mol. fr.
P Method I | Method II P Method I | Method II P Method I | Method II
v > Vv Vv o

K/mol HE, K)/mol K/mol HE', kJ/mol IcJ/mol HE, kJ/mol
0.143 -0.34 0.03 —-0.05 —-0.35 0.01 —-0.05 -0.41 0.01 —-0.04
0.250 -0.42 0.01 —0.08 -0.47 0.00 —0.07 -0.72 —-0.01 —0.07
0.397 —0.57 -0.03 —0.11 —0.54 —0.03 -0.10 —0.78 —0.04 —0.09
0.443 -0.59 —-0.04 -0.12 —-0.55 -0.05 -0.11 —-0.66 —-0.06 —-0.11
0.541 —-0.55 —-0.06 —-0.13 —-0.60 -0.07 -0.13 —-0.73 —-0.08 -0.13
0.700 -0.37 —-0.05 -0.15 —0.41 —-0.06 -0.14 -0.37 —-0.07 -0.14
0.842 -0.12 —-0.02 -0.12 —0.47 —-0.03 -0.14 -0.34 —-0.04 -0.14

forming hydrogen bonds in solutions: tetrahydrofuran—
water, water—pyridine, ethanol-1,4-dioxane. The
application of method II for calculations of molar
enthalpies of wvaporization of benzene—cyclohexane
system provides more accurate reproduction of
experimental data H{}Xp in comparison with benzene—
ethanol mixtures. This can be explained by the use of the
assumption of ideal behavior of the vapor phase
containing ethanol.

CONCLUSIONS

Molar enthalpies of vaporization of azeotropic mixtures
were calculated for 18 binary systems under different
conditions of phase VLE and for the full range of
compositions of the benzene—ethanol system at
atmospheric pressure.

Rigorous thermodynamic methods of calculating
the molar enthalpies of vaporization from VLE data
of binary systems, even under the assumption of ideal

behavior of the vapor phase, are more accurate than
simplified methods of calculation.

The comparison of experimental and calculated data
arrays obtained by thermodynamic methods I and II was
carried out. The proposed calculation method II provides
more accurate results for 85% of the compositions of
azeotropic mixtures in isothermal conditions, and for
75% of them in isobaric conditions.
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Abstract

Objectives. To study the possibility of using nitrogen-containing organosilicon compounds in the creation of heat-resistant and fire-
resistant casting compositions to seal high-voltage high-frequency equipment.

Methods. Nitrogen-containing organosilicon compounds were obtained using the N-siloxycarbonylation, formylation, and silylation
methods. The methods used in the work were infrared spectroscopy, elemental analysis, viscometry, and differential scanning calorimetry.
The mechanical and dielectric properties of the samples were determined.

Results. Previously unknown substances and compounds containing nitrogen-containing organosilicon products as components of the
curing composition were obtained. Their physicomechanical and operational properties were examined, including the possibility of using
them as filling heat-resistant and fire-resistant compositions for sealing high-voltage and high-frequency equipment.

Conclusions. It was shown that nitrogen-containing organosilicon compounds—3-(diethylamino)-2-[(triethoxysilyl)oxy]propyl-
2-methacrylate and triethoxysilyl ester of y-triethoxysilylpropyl-carbamic acid—can be used as part of a curing system together with
bromine-containing fillers, in order to obtain compounds used for filling high-voltage high-frequency transformers, throttle valves, and
other electronic equipment elements with non-combustible properties and increased heat resistance.
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AHHOTaUuS

Heﬂﬂ. I/ISYLICHI/IC BO3MOXHOCTH HUCIIOJIB30BaHUS a30TCOACPIKAIIINX erMHHﬁOpI‘aHH‘IeCKPIX COeIMHECHUI Ipu CO3AaHUuM TEPMO- U OTHE-
CTOMKHUX 3aJIABOYHBIX KOMIIO3UIIMH TSI repmMeTn3annu BBICOKOBOJIETHOM U BBICOKOYACTOTHOM arraparypsbl.

Mertoabl. C noMOLIBI0 METONO0B N-CHIOKCHKapOOHUIMPOBAHUS, (OPMHUINPOBAHHSA U CHIMIMPOBAHMS IOJYYCHBI a30TCOACPIKAIINC
KPEMHHHOPraHNYeCcKue coequHeHHs. B paboTe ncosib30BaHbl HH(PaKpacHask CHEKTPOCKONHMS, JIEMEHTHbIH aHAJIN3, BUCKO3UMETPHS,
nuddepeHInanbHas CKaHupyomas kanopumerpus. OnpeaeneHbl MEXaHHUECKUE U TUIEKTPUICCKHIE CBOICTBA 00Pa3LoB.

Pe3ynbTarbl. [TomyueHbl paHee HEU3BECTHBIE COSIMHEHNST M KOMITAyH]IbI, COZCPIKAIINE B COCTABE OTBEP)K/IAIOIICH KOMITO3HIIMN a30TCOepKa-
I1I1e KPEMHUHOPTraHUYECKHE TTPOLYKThI, M3YHEHBI NX (PU3NKO-MEXaHHUECKHUE, SKCILTYaTallHOHHbIE CBOICTBA, B TOM YHCIIE BOSMOYKHOCTB HCIIOJb-
30BaHHS B KAYECTBE 3aJIMBOYHBIX TEPMO- M OTHECTOWKNX KOMITO3MIIMIA JUTsE TePMETH3AIMK BHICOKOBOJIBTHOM 1 BBICOKOYACTOTHOM araparyphbl.

BeiBoapbl. [lokazaHo, 4To BIEpBbIE CHHTE3WPOBAHHBIE a30TCOACPIKALINE KPEMHUUOPraHUYECKHUE COSNMHEHUS] — 3-(IUITUIAMMHO)-
2-[(TpUITOKCUCHITIIT)OKCH |IIPOTTHII-2-METaKPUIAT U TPHUITOKCUCHIIMIIOBBIA A(UD y-TPUITOKCHCHIHINPONUIKAPOAMUHOBOI KHCIIO-
ThI — MOYKHO HCIIOJIb30BaTh B COCTaBE OTBEPIKIAIOIICH CHCTEMbI COBMECTHO C OPOMCO/CPIKAIIMMHU HAMOJIHUTEIISIMU JUISl TTOJTyYCHUSI
KOMITayH/I0B, IPUMEHSEMBbIX JUIs 3aJIMBKU BHICOKOBOJIETHBIX M BBICOKOUACTOTHBIX TPAHC(HOPMATOPOB, APOCCETICH U IPYTHX JIEMEHTOB

KnioueBblie cnoBa

U BBICOKOUACTOTHOH anmaparypsl

Ana uunTUpoBaHua

a30TcozepKalIe KPEMHUHOPraHMYECKUE COSAMHEHUS, 3 IMBOYHBIC KOMIIO3HIINH,
TEPMO- U OTHECTONWKHE 3aJIMBOYHBIC KOMITO3UIIMH, TE€PMETH3ALINS BBICOKOBOJIBTHOM

PpaarosIIEeKTPOHHOM anmaparypsl, 00JIaaoIMX HErOPIOYMMU CBOMCTBAMH U MOBBIIICHHOM TEIIOCTORKOCTBIO.

17.04.2023
Oopab6oTaHa: 06.07.2023
MpuHarta B nedaTtb: 24.06.2024

MocTtynuna:

Kupuma A. ., benoa J1.O., ['ony6 H.A., ITlnetaeBa M.B., Kupununa H.W., Muponos J1.E. Hcrions3oBaHue a30TconepKaniux KPeMHHUI-
OpPraHNYECKUX COCMHCHHUN MTPH CO3IaHUU TEPMO- U OTHECTOMKUX 3aJTMBOYHBIX KOMITO3HIIUIL JIJIsl TEPMETHU3AI[H BHICOKOBOJIBTHOM M BBICO-
KOYaCTOTHOW armaparypel. Toukue xumuueckue mexronocuu. 2024;19(4):293-309. https://doi.org/10.32362/2410-6593-2024-19-4-293-309

INTRODUCTION

Organosilicon sealants and compounds based on low-
molecular silicone rubbers curable at room temperature in
contact with air moisture began to be actively developed in the
second half of the last century. These products are currently
finding increased practical application in various fields of
science and technology. They are used in construction, the
chemical and aviation industries, in modern electronic and
radio products and household chemicals [1-3].

Cold-curable sealant compositions consist of rubber,
filler, vulcanizing agent, and curing catalyst. The
catalyst can be present in the mixture (one-component
compositions) or introduced into it immediately
before vulcanization (two-component compositions).
Depending on the purpose, these compositions
are produced in different consistencies: paste-like,
thixotropic or viscous-flowing [4, 5].

The most common cold-curable compositions are
based on linear low-molecular polyorganosiloxane
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rubbers with a molecular weight from 25000 to 100000,
containing terminal silanol groups (Scheme 1) [6, 7]. Of
greatest practical interest are: polydimethylsiloxanes 1,
polydimethylmethylphenylsiloxanes 2, graft copolymers
of o,0-polydimethylsiloxanediol containing 1-3%
of methylvinylsiloxane units and styrene in a ratio of
1 : 150-200, 3, as well as polydimethylmethyltrifluoro-
propylsiloxanes 4.

Silicon dioxide (pyrogenic or precipitated), carbon
black, quartz sand, or pigment titanium dioxide are usually
usedasfillers[8,9]. Organic peroxides, diphenylguanidine,
tetraethoxysilane, silicon or organometallic compounds
consisting of at least three functional groups are used
as vulcanizing agents [10]. Salts of metals (Sn, Pb, Ti,
Cr, Zn, etc.) and carboxylic acids, most often diethyl
dicaprylate, dibutyl dicaprylate and dibutyl tin dilaurate
are usually used as curing catalysts [11-13]. In this case,
the performance of organosiloxanes in air is determined
by temperatures in the range of 250-300°C [14-16]. In
order to increase this temperature range, polysiloxanes
containing phenyl and trifluoropropyl radicals or,
more often, so-called superstructural polymers—
block copolymers with a ladder structure—are usually
used [16, 17]. However, since polymer materials are
flammable, in order to increase the heat resistance and
fire safety of silicone compositions, mineral fillers such as
oxides, hydroxides, halides, oxyhalides, and carbonates
of metals—Ni, Co, Al, Sn, Fe, Cr, Ti—are used as a rule.
Zirconium and calcium silicates, aluminosilicates, etc., or

organic fillers, such as nitrogen-, boron-, phosphorus- and
halogen-containing organic compounds, for example,
melamine, phosphorus-containing diols and polyols can
also be used [17, 18].

The use of azo compounds in addition to metal
oxides is known to increase the thermal stability of
silicone materials [19, 20]. However, the use of nitrogen-
containing organosilicon compounds for these purposes
is unknown. There is only a report on the use of
y-aminopropyltriethoxysilane as a modifier to increase the
adhesion of silicone and natural rubbers to glass and plastics
upon low-temperature vulcanization of rubber [21].

The simultaneous combination of heat-resistant and
fire-resistant properties in one material is an important
objective, so it seemed viable to study the possibility of
using nitrogen-containing organosilicon compounds, in
order to create heat- and fire-resistant filling compositions
to seal high-voltage and high-frequency equipment.

EXPERIMENTAL

The basis for creating the compound was a linear low-
molecular polyorganosiloxane rubber—styrosil—a graft
copolymer of a,w-polydimethylsiloxanediol 3 containing
methylvinylsiloxane units, and styrene with a viscosity of
8—12 Pa-s. A mixture of ethyl silicate or tetracthoxysilane
with dibutyltin oxide or with tin diethyl dicaprylate with
the addition of a nitrogen-containing organosilicon
compound was used as a vulcanizing agent (Table 1).

CH; CH; CHj3 CH;
I I I I
HO*ESio}H HO—Si—O*ESiO}Si—OH
I n I I n |
CH3 CH3 C(,HS CH3
1 2
CH, CH, CH,
I I I
HO ~E Sio ] [ Sio ] Si— OH
| 100—x X
CH; CH;
—CHCH,(CH,CH);—
I
CeHs
x=1-3; n=150-200
3
CH; CH, CH;
I I I
HO —Si— O ~E Sio %Si—OH
I no |
CH; CHj;
CH,CH,CF;
4

Scheme 1. Some linear low molecular weight organopolysiloxane rubbers with molecular weight from 25000 to 100000 containing

end silanol groups
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Table 1. Used nitrogen-containing organosilicon compounds

Substance Manufacturer, country of origin GG 0 e o
procedure
Styrosil NIISK', $t. Petersburg, Russia -
(low molecular weight polymer styrosil) > &
Ethyl silicate
(ethyl silicate-40, grade A, premium grade) EKOTEK Chemical Components Plant?, Russia -
(ethyl silicate-32)
Tetracthoxysilane (tetracthoxysilane, grade A, 98.5%) | EKOTEK Chemical Components Plant, Russia -
Dibutyltin oxide (dibutyltin oxide, 98%) Acros Organics®, Belgium -
Tin diethyl dicaprylate
(catalyst 230-15—solution of tin diethyl dicaprylate EKOTEK Chemical Components Plant, Russia -
in ethyl silicate-32)
y-Aminopropyltriethoxysilane . . B
(3-aminopropyltriethoxysilane, 99%) Acros Organics, Belgium
Diethylcarbamic acid trimethylsilyl ester - [22]
1 1 0,
Glycidyl methacrylate (glycidyl methacrylate, 97%, Acros Organics, Belgium 3
stable)
Triethoxysilane (triethoxysilane, 95%) Acros Organics, Belgium —
. T . Diss. Dr. Sci. (Chem.)
Diethylcarbamic acid triethoxysilyl ester - of L.O. Belova®
Methyl formate (methyl formate, 97%) Acros Organics, Belgium -

Infrared (IR) spectra were recorded on a Nicolet 7600
spectrometer (Thermo Fisher Scientific, USA) in petroleum
jelly or in a thin layer. Elemental analysis was carried
out using a FLASH EA 1112 instrument (Italy).
Differential scanning calorimetry was carried out on
a differential scanning calorimeter DSC-822¢ (Mettler
Toledo, Switzerland) at a heating rate of 10 deg/min. The
dielectric properties were measured using a Novocontrol
Alpha-A impedance analyzer (Novocontrol
Technologies, Germany) and a ZGS Alpha Active
Sample Cell (Novocontrol Technologies, Germany) with
gold disk electrodes with a diameter of 20 mm. The
measurements were performed in the frequency range of
10"'-10° Hz. The mechanical properties of the samples

L' https:/fgupniisk.ru/. Accessed April 03, 2024.
2 https://www.eko-tec.ru/. Accessed April 03, 2024.

2011. 283 p. (in Russ.).

were determined using a universal testing machine
AGS-10kNG  (Shimadzu Corporation, Japan). The
samples used to determine the tensile strength and
elongation at break were strips with a working part size
of 3 x 20 mm. The stretching speed was 10 mm/min.
The dynamic viscosity was determined using a Haake
Viscotester C rotational viscometer (Thermo Electron
Corporation, USA).

All starting compounds were thoroughly dried and
purified by distillation before use. Synthetic operations,
isolation and sampling for the analysis of compounds
were carried out in a dry nitrogen atmosphere.
Table 2 shows chemical formulas, names, and codes for
used nitrogen-containing organosilicon compounds.

https://www.thermofisher.com/ru/ru/home/chemicals/acros-organics.html. Accessed April 03, 2024.

Belova L.O. New approaches to the synthesis and application of diazot-containing organosilicon compounds: Diss. Dr. Sci. (Chem.). Moscow:

296 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):293-309


https://fgupniisk.ru/
https://www.eko-tec.ru/
https://www.thermofisher.com/ru/ru/home/chemicals/acros-organics.html

Using nitrogen-containing organosilicon compounds in the creation of heat- and fire-resistant Alexey D. Kirilin,
filling compositions to seal high-voltage and high-frequency equipment etal.
Table 2. Used nitrogen-containing organosilicon compounds

Chemical formula Name Code

(EtO),Si(CH,);NHC(0)O

2,2-Diethoxy-1,6,2-oxaazasilepan-7-one

Product 111-269

(Et0),Si(CH,),;NHC(O)H

y-(Triethoxysilylpropyl)-formamide

Product 111-300

(Et0),SiOCH,CH(NEL,)CH,0C(0)C(Me)=CH,

2-(Diethylamino)-3-[(triethoxysilyl)oxy]propyl-2-

methacrylate ESAM

(Et0),Si(CH,),NHC(0)OSi(OEt),

Triethoxysilyl ester of y-triethoxysilylpropyl-carbamic acid OSU

2,2-Diethoxy-1,6,2-oxaazasilepan-7-one (product
111-269). A mixture of 15 g (0.07 mol) of
y-aminopropyltriethoxysilane and 12.83 g (0.07 mol) of
diethylcarbamic acid trimethylsilyl ester was heated using
a total refluxing head until the release of diethylamine
and ethoxytrimethylsilane ceased. Product 111-269,
14.9 g (97%) was isolated by means of vacuuming in
the form of a viscous oily substance, refractive index
np?0 1.4459. IR spectrum (v, cm™!): 1690 (C=0);
3310 (N-H). Found, %: C 43.81; H 7.82; N 6.39.
CgH,,O,NSi. Calculated C 47.96;, H 9.77, N 7.99. In the
dissertation of O.V. Belova (Footnote 4): n,?° 1.4459. IR
spectrum (v, cm™'): 1680 (C=0); 3310 (N-H).

3-(Diethylamino)-2-[(triethoxysilyl)oxy]propyl-
2-methacrylate (ESAM). Diethylcarbamic acid
triethoxysilyl ester, 15.9 g (0.057 mol) was slowly
added to 8.1 g (0.057 mol) of glycidyl methacrylate.
The reaction mixture was stirred at 55°C for 6 h.
ESAM, 17.22 g (80%) was isolated by means of
vacuuming at 1 mm Hg within 1 h in the form of a non-
distillable liquid, n?° 1.4255. IR spectrum (v, cm™!):
1690 (C=0); 1640 (C=C). Found, %: C 54.15; H 9.45;
N 3.91. C;H;s0O,NSi. Calculated C 54.08; H 9.34;
N 3.70.

Triethoxysilyl ester of vy-triethoxysilylpropyl-
carbamic acid (OSU). A mixture of 141.6 g (0.64 mol)
of y-aminopropyltriethoxysilane and 105 g (0.64 mol)
of triethoxysilane was heated to 45°C, and carbon
dioxide was introduced with stirring for a period of
12 h. OSU, 245.5 g (96%) was obtained by evacuation
at 1 mm Hg within 1 h in the form of a non-distillable
liquid, n?0 1.4244. IR spectrum (v, cm™'): 1690 (C=0);
3340 (N-H). Found, %: C 44.85; H 8.85; N 3.31.
C,¢H;,04NSi,. Calculated C 44.94; H 8.7; N 3.27.

v-(Triethoxysilylpropyl) formamide (product
111-300). 23.4 g (0.11 mol) of y-aminopropyltriethoxysilane
and 6.6 g (0.11 mol) of methyl formate were placed in

a flask equipped with a thermometer and a distillation
column head. The reaction mixture was heated. After
separating the released methyl alcohol, distillation of the
still bottom gave 23.84 g (86.9%) of product 111-300,
boiling point 146-147°C (2 mm Hg), ny2° 1.4390.
IR spectrum (v, cm !): 1680 (C=0); 3310 (N-H).
Found, %: C 48.07; N 9.30; N 5.40. C,,H,;O,NSi.
Calculated C 48.16; H9.31; N 5.61.

RESULTS AND DISCUSSION

We had previously conducted research on the possibility
of using nitrogen-containing organosilicon compounds
as catalysts for the curing of silicone rubbers [24, 25].
The resulting coatings possessed frost resistance, high
dielectric properties, increased mechanical and electrical
strength, and adhesion. However, they turned out to be
flammable which did not always make it possible for
them to be used, especially in the electrical insulation of
power and radio equipment.

Continuing these studies, first of all product
111-269 (2,2-diethoxy-1,6,2-oxaazasilepan-7-one) and
ethyl silicate-40, which had worked well previously,
were used as a hardener. Then a number of other
first synthesized nitrogen-containing organosilicon
compounds were used (Table 1). ESAM was
synthesized using diethylcarbamic acid triethoxysilyl
ester (Scheme 2). OSU was obtained by
N-siloxycarbonylation (Scheme 3), and product 111-300
was obtained by formylation (Scheme 4).

Two compositions were used as fillers: a mixture
containing Aerosil (filler based on hexabromobenzene
(GB filler), see composition in Table 3) and a mixture
without Aerosil (filler based on hexabromobenzene
(DB filler), see composition in Table 4). The results of
testing the compositions using a range of vulcanizing
agents and fillers are presented in Tables 5-11.
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CHz\—/CHCHzOC(ll = CH; + (C;H;5),NCOSi(OCHs); —> (C,H5),NCH,CHCH,0CC = CH,
|
O CH; (C,H50)5Si0 CH;

Scheme 2. Preparation of 3-(diethylamino)-2-[(triethoxysilyl)oxy]propyl-2-methacrylate (ESAM) using triethoxysidyl ester
of diethylcarbamic acid

O
I
(C2H50)3Si(CH2)3NH2 + C02 + HSI(OC2H5)3 - > (C2H50)3SI(CH2)3NHCOSI(OC2H5)3

| Scheme 3. Preparation of triethoxysilyl ester of y-triethoxysilylpropylcarbamic acid (OSU) by N-siloxycarbonylation

O O

I I
(CzH50)3Si(CH2)3NH2 + CH30CH m’ (C2H50)3SI(CH2)3NHCH
- 3

Scheme 4. Preparation of y-(triethoxysilylpropyl) formamide (product 111-300) by formylation

Table 3. Composition of the filler based on hexabromobenzene (GB filler)

Substance Weight parts
Hexabromobenzene 49.5
Melamine 30.0
Aluminum hydroxide (pure) 14.0
Calcium carbonate 6.0
Aerosil 200 0.5

Table 4. Composition of the filler based on decabromodiphenyl oxide (DB filler)

Substance Weight parts
Decabromodiphenyl oxide 47.8
Melamine 314
Aluminum hydroxide (pure) 14.8
Calcium carbonate 6.0
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Table 5. Influence of the type of filler and the degree of its filling on the viscosity of rubber, the physical and mechanical properties
of the vulcanizate, and the ability to self-extinguish. Hardener, weight parts (wt.p.): ethyl silicate-40, 2.6; dibutyltin oxide, 0.025

Parameter Value
Stirosil (9.0 Pa-s), wt.p. 100 100 100 100 100 100 100 100 100
DB filler, wt.p. - 30 - 40 - 50 - 60 -
GB filler, wt.p. - - 30 - 40 - 50 - 60
Dynamic viscosity, Pa‘s 9.0 13.5 16.6 18.3 21.5 28.3 33.0 35.0 38.0
Viability at 20°C, min >120 40 40 40 40 40 40 30 30
Tensile strength, MPa 245 2.55 1.86 2.45 2.06 1.18 0.98 2.45 2.06
Relative elongation, % 120 110 100 85 120 85 110 105 80
Compression module at 20°C, MPa 2.94 - - 2.45 - 2.84 - 3.14 -
Crystallization temperature, °C -60 - — -60 - —60 - —60 -
Dielectric constant at 103 Hz, 20°C 32 - - 32 - 34 - 3.5 -
tg 8* at 10° Hz, 20°C 0.002 - - 0.0051 - 0.0087 - 0.0073 -
Self-extinguishing, s - 2 2 1.6 1.5 1.5 1.5 1.5 2
Electrical strength, kV/mm 35 - - 40 - 38 - 33 -

*tg o (dielectric loss tangent) is defined as the ratio of the active component of the leakage current through the insulation to its reactive
component.

Table 6. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener (2 wt.p. — 100%):
tetraethoxysilane — 80%; product 111-269 — 20%; tin diethyldicaprylate — 0.02%

Parameter Value
Stirosil (3.3-9.0 Pa‘s), wt.p. 100
DB filler, wt.p. -
GB filler, wt.p. -
Dynamic viscosity, Pa-s 89
Viability at 20°C, min 120
Tensile strength, MPa 1-2.7
Relative elongation, % 70-210
Compression module at 20°C, MPa 1.96-2.94
Curing time at 20°C, day 1-2
Crystallization temperature, °C —60
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Table 6. Continued

Parameter Value
Dielectric constant at 103 Hz, 20°C 3.6
tg & at 103 Hz, 20°C 0.002
Self-extinguishing, s -
Electrical strength, kV/mm 24-30
Heat resistance, °C 150

Table 7. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p.:
tetracthoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%

Parameter Value
Stirosil (3.3-9.0 Pa-s), wt.p. 100 100 100 100 100
DB filler, wt.p. - - 40 50 60
GB filler, wt.p. — 30 _ _ _
Dynamic viscosity, Pa-s 9.0 16.6 18.3 28.3 35.0
Viability at 20°C, min 120 120 120 90 90
Tensile strength, MPa 2.16 1.96 2.26 2.35 2.06
Relative elongation, % 113 100 120 90 90
Compression module at 20°C, MPa 2.75 3.14 2.75 2.65 3.04
Curing time at 20°C, day 1 1 1 1 1
Crystallization temperature, °C —60 —60 —60 —60 —60
Dielectric constant at 103 Hz, 20°C 32 32 33 34 3.5
tg & at 103 Hz, 20° 0.0018 0.0039 0.0047 0.0104 0.0072
Self-extinguishing, s - 2 2 1 1.6
Electrical strength, kV/mm 27 30 30 - 40
Heat resistance, °C 150 - - - -
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Table 8. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p.:

ESAM — 20%; tin diethyldicaprylate — 0.03%

Parameter Value

Stirosil (3.3-9.0 Pa-s), wt.p. 100 100 100 100 100
DB filler, wt.p. - - 40 50 60
GB filler, wt.p. - 30 _ _ _
Dynamic viscosity, Pa‘s 9.0 16.6 18.3 28.3 35.0
Viability at 20°C, min 120 90 90 90 60
Tensile strength, MPa 1.27 1.37 1.47 1.47 1.47
Relative elongation, % 250 150 180 170 130
Compression module at 20°C, MPa 2.16 2.16 2.45 2.75 2.84
Curing time at 20°C, day 1-2 1 1 1 1
Crystallization temperature, °C —60 —60 —60 —60 —60
Dielectric constant at 103 Hz, 20°C - 32 33 34 34
tg & at 103 Hz, 20°C - 0.0052 0.0053 0.0074 0.0083
Self-extinguishing, s - - 2 - -
Electrical strength, kV/mm - - 36 - -

Table 9. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2-3 wt.p.:

product 111-300 — 100%; tin diethyldicaprylate — 0.02%

Parameter Value
Stirosil (3.3-9.0 Pa-s), wt.p. 100 100 100
DB filler, wt.p. 40 50 60
Dynamic viscosity, Pa's 18.3 28.3 35.0
Viability at 20°C, min 40 40 30
Tensile strength, MPa 2.55 - 2.35
Relative elongation, % 90 - 80
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Table 9. Continued

Parameter Value
Compression module at 20°C, MPa 2.45-3.43 2.45-2.94 2.55-2.84
Curing time at 20°C, day 1 1 1
Crystallization temperature, °C -60 —60 —60
Dielectric constant at 103 Hz, 20°C 34 - 3.5
tg & at 103 Hz, 20°C 0.0050 - 0.0184
Self-extinguishing, s 1 2 2
Electrical strength, kV/mm 36 - -
Heat resistance, °C 180 - -

Table 10. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p:
tetraethoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%

Parameter Value
Stirosil (3.3-9.0 Pa-s), wt.p. 100 100 100"
DB filler, wt.p. - 40 40
GB filler, wt.p. 30 - -
Dynamic viscosity, Pa‘s 16.6 18.3 18.3
Viability at 20°C, min 120 120 0.5
Tensile strength, MPa 2.35 2.35 -
Relative elongation, % 100 120
Compression module at 20°C, MPa 2.84 3.24 2.55-2.84
Curing time at 20°C, day 1 1 1
Crystallization temperature, °C —60 —60 -60
Dielectric at 10° Hz, 20°C - 3.2 -
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Table 10. Continued

Parameter Value
tg 8 at 103 Hz, 20°C - 0.006 -
Self-extinguishing, s 2 1-2 -
Electrical strength, kV/mm - 32 -
Heat resistance, °C 170 176 130

*3—4 wt.p. — 100%: tetracthoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%.

Table 11. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2-3 wt.p.:

OSU — 100%; tin diethyldicaprylate — 0.02%

Parameter Value
Stirosil (3.3-9.0 Pa-s), wt.p. 100 100 100
DB filler, wt.p. - 40 40
GB filler, wt.p. 30 - -
Dynamic viscosity, Pa‘s 17.5 18.3 18.3
Viability at 20°C, min 90 90 90
Tensile strength, MPa 245 2.75 2.75
Relative elongation, % 170 210 210
Compression module at 20°C, MPa 3.63 3.92 3.92
Curing time at 20°C, day 1 1 1
Crystallization temperature, °C —60 —60 —60
Dielectric constant at 103 Hz, 20°C 32 32 3.2
tg & at 103 Hz, 20°C 0.0006 0.0007 0.0007
Self-extinguishing, s 0.7 0.5 0.5
Electrical strength, kV/mm 31 35 35
Heat resistance, °C 180 190 190
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Table 12. Effect of the curing system [ESAM + tin diethidicaprylate] on the properties of rubber vulcanizates
Parameter Value
ESAM 3 wt.p.
Tin diethyldicaprylate, wt.p. 0.164 0.02 0.016 0.005 0.004 0.003 0.002
Stirosil (9.0 Pa-s), wt.p. 60 60 60 60 60 60 60
DB filler, wt.p. 40 40 40 40 40 40 40
Viability at 20°C, min No <10 30 60 90 90 120
Curing time at 20°C, day 0.33 0.5 1 <24 <24 24 24
Table 13. Influence of the curing system [ESAM + tin diethidicaprylate on the properties of rubber vulcanizates]
Parameter Value
Tin diethyldicaprylate, wt.p. 0.003
ESAM, wt.p. 2 3 5 8
Stirosil (9.0 Pa-s), wt.p. 60 60 60 60
DB filler, wt.p. 40 40 40 40
Viability at 20°C, min 120 90 90 60
Tensile strength, MPa 1.67 1.47 1.47 -
Relative elongation, % 160 185 180 -
Curing time at 20°C, day 48 24 24 48

The results presented (Tables 5—11) clearly indicate
that self-extinguishing, i.e., decay time after removal
from the flame, s, of the filled compositions, regardless
of the amount of filler used (30-60 wt.p.), attained value
1-2 s, while their heat resistance increased at the same
time from 150 to 180°C.

The data obtained (Tables 5—11) on tensile strength,
relative elongation and compression modulus shows

that the introduction of filler has virtually no effect on
the mechanical properties of the polymer, as well as on
the crystallization temperature of the compositions. In
addition, it is clearly shown that GB filler, compared
to DB filler, increases the polymer system viscosity
to a greater extent (apparently due to the presence of
aerosil), while the degree of filling significantly affects
the increase in viscosity. For example, with a viscosity
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Fig. 1. Temperature dependence of tgd and €’ on the type of hardener at a frequency of 1000 Hz. Hardener:
eee cthyl silicate 40 + dibutyltin oxide; xxx product 111-300; A A A tetracthoxysilane + ESAM; coo OSU; ##+ ESAM
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tgd

T

0 20 40 60 80 100 T,°C

Fig. 2. Temperature dependence of tgd and &’ on the amount of hardener ESAM at a frequency of 1000 Hz:

eee 2; xxx 3; and A A A 5 wt.p. hardener per 100 wt.p. polymer

of the original rubber of 9.0 Pa-s, the introduction of
40 wt.p. of a filler increases its value approximately by
a factor of 2, while using 60 wt.p. of a filler, viscosity
becomes equal to 35.0 Pa's. The constant value of
the compositions crystallization temperature can be
explained by the inertness of the fillers with respect to
styrosil.

When studying the dielectric properties of the resulting
compositions, which characterize the behavior of the
material in an electric field, the dielectric constant (€’),
dielectric losses (tgd) and electrical strength (E) were
considered in detail. They depend on the compound
operating conditions and are closely related to the
macrochain chemical composition and structure. From
the results obtained it is clear that a wide asymmetric
maximum of dipole-segmental losses can be observed
in the temperature range from —90 to —130°C (at
a frequency of 1000 Hz) (Fig. 1). The asymmetry of the
tgd maximum appears to be due to the influence of the
supramolecular organization on the polymer electrical
properties. As a rule, this effect is especially pronounced
for crystallizing polymers: something which we observed
for this composition. In contrast, in the temperature

range from —90 to +100°C, the value of the dielectric
loss tangent remains practically unchanged and is about
0.005, which allows us to recommend its use at high
frequencies in this temperature range.

The influence of the brand and amount of hardener
on the value of the dielectric loss tangent (Fig. 2) is
manifested both in the region of positive temperatures (as
the amount of hardener increases, losses increase
slightly, since the polar component amount increases)
and in the region of subzero temperatures (fluctuations in
tgd, .. values and relaxation time spectrum are observed,
apparently due to the influence of functional groups on
molecular mobility).

However, the differences observed in the dependence
of the dielectric loss tangent tgd on temperature are so
small that they can be neglected for the practical use of
the compound. At the same time, the dielectric properties
of the filled compositions change somewhat with an
increase in the tgd value. For compositions containing
up to 40 wt.p. of filler, the tgd value does not exceed
0.005, and at a higher degree of filling, it increases to
0.01, exceeding the permissible value for a high-voltage,
high-frequency dielectric.
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Thus, after the introduction of fillers, a compound
using nitrogen-containing organosilicon compounds
as part of the curing system retains high dielectric
properties, increased electrical and mechanical
strength and frost resistance. This is characteristic of
high-voltage and high-frequency compounds. At the
same time, the compound acquires non-flammable
properties with a simultaneous increase in heat
resistance.

CONCLUSIONS

The study shows that the use of synthetically available
nitrogen-containing  organosilicon  compounds—
3-(diethylamino)-2-[(triethoxysilyl)oxy [propyl-2-methacrylate
and triethoxysilyl ester of y-triethoxysilylpropylcarbamic
acid—as part of a curing system together with
bromine-containing fillers makes it possible for
compounds to be obtained to fill high-voltage and high-
frequency transformers, throttles and other elements
of radio-electronic equipment with non-flammable
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Abstract

Objectives. To synthesize Pt-containing derivatives of natural chlorins as potential agents for the combination therapy in oncology.
Platinum compounds are known to occupy an important place as chemotherapeutic agents in the treatment of oncological diseases.
However, Pt(Il) complexes are highly toxic to the body and are not selectively accumulated in tumor cells. If photodynamic and
chemotherapy methods are combined in a single drug, the pigments are responsible for the selectivity of conjugate accumulation in the
tumor, while a chemotherapeutic agent based on Pt(II) complexes is responsible for the cytotoxic effect on tumor cells. This will not
affect healthy cells and thereby minimize the systemic toxicity of the drug to the body.

Methods. Methods for the synthesis of pyridine-containing derivatives of natural chlorins and their metal complexes for use
as potential binary agents in oncology were applied. As part of the study, the structures of the compounds obtained were confirmed
by mass spectrometry, nuclear magnetic resonance spectroscopy, ultraviolet spectroscopy, and high-resolution chromatography-mass
spectrometry. Preparative methods, including thin-layer and column chromatography, centrifugation and recrystallization, were used
to isolate and purify the compounds obtained.

Results. Platinum(II) complexes of pyridine-containing derivatives of natural chlorins were obtained for application in combination
therapy in oncology. The schemes for synthesizing the target photosensitizers were optimized, in order to increase the yields and for
subsequent transfer to industrial sites.

Conclusions. It was found that pyridine-containing derivatives of natural chlorins could be obtained in high yields, that they possess
chelating properties for platinum, and can be considered as binary agents in cancer therapy after successful preclinical trials.
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HAYYHAA CTATbA

Komnnekcsol nnatuHbi(ll) Ha OCHOBE NPOU3BOAHbIX
NMPUPOAHbLIX XJIOPUHOB C NUPUAVHCOAEPXALWNMMU
XeNlaTHbIMU rpynrnamMmm: npoToTUNbI JIEKAPCTB
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AHHOTaUuua

eman. Lensro HacTosIIEH pabOTHI SIBISIETCS CUHTE3 Pt-coztepkaliux Mpou3BOJHBIX IIPUPOIHBIX XJIOPHHOB KaK MOTEHIINAIBHBIX ar¢HTOB
JUTs KOMOMHUPOBAHHO T€parny B OHKOJIOTHH. VI3BECTHO, YTO COSTMHEHNUS IUIATHHBI B KaUeCTBE XUMUOTEPAIIeBTHYECKIX areHTOB 3aHHU-
MaloT B&)KHOE MECTO B JICUCHUH OHKOJIOTHYECKUX 3a0oieBanuii. OqHako koMruiekcs! Pt(11) BHICOKOTOKCHYHBI Il OpraHu3ma u He 00-
JIaJIal0T CENEKTHBHOCTHIO HAKOIJICHHS B OITYXOJIEBBIX KiIETKaX. [Ipyn KOMOMHUPOBAaHUH METOIOB (DOTOTMHAMUYECKOW U XMMHOTEPAINH
B COCTaBE OJTHOTO IIperapara MUTMEHThI Oy/IyT OTBEYaTh 3a CEJICKTUBHOCTh HAKOIICHHS KOHBIOTATa B OIyXOJIH, @ XHMHOTEpareBTHYe-
CKHif areHT Ha ocHoBe KoMmIuiekcoB Pt(II) — 3a nuroTokcuyeckuii ekt B OTHOLICHUH OIyXOJIEBBIX KIETOK, HE 3aTparuBas 310pOBbIe
KJICTKU U, TEM CaMbIM, MUHUMU3UPYS CUCTEMHYIO TOKCHYHOCTb IIpernapara Ha OpraHu3M.

MeTOHLl. B pa60Te pe€ajin30BaHbl METO/IbI CUHTE3a IMUPUIVUHCOACPIKALIUX TTPONU3BOAHBIX IIPUPOIHBIX XJIOPUHOB U UX METAJUIOKOMILIEKCOB It
TIPUMEHEHHS UX B KaY€CTBE INOTCHIIUAJIbHBIX 6I/IHapHI)IX areHTOB B OHKOJIOru. B XOJ€ BBITNIOJIHCHUSA pa60T bl CTPYKTYPbI ITIOJTyYEHHBIX COCINHE-
HUI ObLTH TOATBEPIKACHBI METOAAMU MAaCC-CIIEKTPOMETPUH, CIIEKTPOCKOITUU SIACPHOTO MarHUTHOI'O PE30HAaHCa, yJ'IBTpa(I)PIOJ'[CTOBOﬁ CIIEKTPO-
CKOIIMH, a TAKIKE XPOMATO-MAaCC-CIICKTPOMETPUU BBICOKOI'O pa3peIlICHUS. HpI/I BBIJCJICHUN U OUUCTKE TTOJTyYCHHBIX COCITMHEHHIA TIPUMEHSIIMCH
npenaparuBHbIC METO/bI, BKIIFOUast TOHKOCHOﬁHy}O 1 KOJIOHOYHYIO XpOMaTOl"pa(I)I/HO, L[eHTpI/I(bI/IprOBaHI/IC 1 NEPEKpUCTATIIN3alUIO.

Pesyabrarsl. [Tomyuensr komruiekcsl miatuabl(ll) mupuauHCOnEpKAMMX MTPOU3BOAHBIX MPUPOAHBIX XJIOPHHOB C IENBI0 UX IpHMe-
HEHUsS] B KOMOMHHPOBAHHOM Teparuy B OHKOJIOTHH, a TAK)KE ONTHMH3MPOBAHBI CXEMBI CHHTE3a LEJICBBIX (JOTOCCHCHOMIN3ATOPOB JUIS
YBEIMYIEHHS MX BBIXOIOB U MOCIIEIYIOMIET0 TpaHc(hepa Ha MPOMBIIIICHHBIE IUTONIAKH.

BbiBoAbI. YCTaHOBICHO, YTO MUPHUAMHCOAEPIKAIINE MPOU3BOAHBIC MPUPOTHBIX XJIOPUHOB O0TAaTarOT XENaTUPYIOUIMMHU CBOWCTBAMHU
B OTHOLICHHU TUIATHHBI, MOTYT OBITH MOJTYYEHB! C BEICOKUMH BBIXOAAMH H TIOCIIE YCIICIIHBIX JOKIMHUYECKUX UCTIBITAHUNA MOTYT pac-
CMaTpUBATHCS KaK OMHApHBIC areHTHI B TEPAIIiU paKa.

Kniouesblie cnoBsa MocTtynuna: 19.06.2024
(doTomMHAMIYECKAs TEPAIHsI, XJIOPHHBI, 0aKTEPHOXIOPHHBI, KOMIIIEKCHI IUIaTHHBI, [Aopa6oTtaHa: 02.07.2024
(oToceHCHOMTN3aTOP, KOMOMHUPOBAHHAS TEPAIHs, TUPUIHHBI NpuHsita B neyats: 08.07.2024

Ansg uMTnpoBaHns

Kupun H.C., Octposepxos I1.B., Ycaues M.H., bupun K.II., I'pun M.A. Kommiexcs! mnatunsl(1]) Ha ocHOBEe NPOU3BOAHBIX TPUPOIHBIX
XJIOPMHOB € MUPUIMHCOAEPIKAIMMHU XEJIaTHBIMU TPYIIIaMU: TIPOTOTHUIIBI JICKAPCTB 1711 KOMOMHUPOBAHHOM Tepariu B OHKOJIOTUH. ToHKUe
xumuyeckue mexnonoeuu. 2024;19(4):310-326. https://doi.org/10.32362/2410-6593-2024-19-4-310-326

INTRODUCTION side effects due to their effect on normal cells [2, 3]'.

Platinum-based antitumor drugs occupy an important
Chemotherapy is one of the primary and most efficient place in cancer chemotherapy, both in monotherapy,
methods of cancer treatment [1]. Its main advantage is and as part of combination therapy. However, they
the direct cytotoxic effect of chemotherapeutic drugs cause serious side effects and are not always efficient
on tumor cells. However, these drugs feature many of due to the drug resistance of tumor cells. Therefore,
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significant efforts on the part of drug developers are
aimed at creating platinum-containing drugs with higher
selectivity of action.

Over past decades, platinum-based mixed-ligand
complexes have been produced and their biological
activity has been studied (Fig. 1). Since the discovery of
the cytotoxic effect of platinum by Rosenberg in 1964 [4]
about 30 drugs have undergone clinical trials. Of the
drugs studied, in addition to Cisplatin, only Carboplatin
and Oxaliplatin are used in clinical practice. Other drugs
are used locally. For example, nedaplatin has been
approved in Japan for the treatment of various types of
cancer; Lobaplatin is used in China for the treatment of
metastatic breast cancer, chronic myeloid leukemia, and
small cell lung cancer; and Heptaplatin is used in Korea
to treat stomach cancer [5].

The mechanism of the action of platinum-group
drugs involves internalization into the cell where they

undergo hydrolysis before binding to purine bases in
DNA, formation of cross-links between DNA branches,
and initiation of the cell apoptosis process. The formation
of cross-linked adducts leads to disruption of DNA
expression (Fig. 2).

The use of photodynamic therapy in combination
with chemotherapy has shown a high degree of efficiency
both in in vitro and in vivo studies, and in clinical
practice. Analysis of publications distinguishes two
approaches. The first involves the use of photodynamic
therapy (PDT) and chemotherapy with various variants
of their combination, while in the second approach, new
combination drugs have been developed [6].

In the monotherapy regimen, PDT and chemotherapy
have their own drawbacks and limitations. In clinical
practice, combination therapy is currently being widely
used, in order to enhance the efficiency of antitumor
treatment by using two different methods of affecting the
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Fig. 2. Simplified mechanism of action of platinum preparations in the cell
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tumor. This multimodal approach allows for synergistic
effects and better healing results.

Tae-Gyu et al. estimated the combined effects of
Cisplatin chemotherapy and PDT on EMT6 breast
carcinoma in in vivo experiments using Nude mice [7].

Kaplan et al. presented data on the efficiency of the
combined treatment of rats with M-1 sarcoma using
Photolon and Cisplatin as photodynamic and cytotoxic
agents [8]. The authors used various treatment regimens
and drug doses. The treatment effect was assessed
by the absolute rate of tumor growth, inhibition of
tumor growth, and complete tumor regression. The
most efficient treatment regimen was found to involve
photodynamic therapy with irradiation 2 h after
photosensitizer administration followed by Cisplatin
1 and 4 days after PDT with a total chemotherapeutic
agent dose of 2.5 mg/kg. By the end of the study,
complete regression of the tumor was observed in 88.9%
of the animals, and inhibition of tumor growth was
observed in the vast majority of tumor-bearing animals.
The results of the study allowed the authors to conclude
that the combination of photodynamic therapy with
Cisplatin therapy is more efficient than monotherapy
since it leads to a synergistic effect and helps reduce the
dose of Cisplatin.

One of the first examples of the preparation of
conjugates of platinum and a photosensitizer was
reported by Brunner ef al. in 1994. They assumed that
the selectivity of tumor treatment with Cisplatin could
be enhanced by combining it with a protoporphyrin IX
derivative, since the latter has some affinity for low-
density lipoprotein receptors. The resulting carboxylate
complex of platinum and the protoporphyrin derivative
exhibited a pronounced synergistic effect both in the
dark and upon irradiation on MDA-MB-231 human
breast cancer cells [9].

In later studies, Brunner showed that the nature of the
non-cleavable ligands bound to platinum strongly affected
the anticancer activity of the entire conjugate [10—-12].

In addition to protoporphyrins, synthetic porphyrins
with pegylated substituents are also used for conjugation
with platinum [13]. It is interesting to note that
replacement of protoporphyrin with synthetic derivatives
did not lead to significant changes in the antiproliferative
properties of the conjugates on incubation with
MDA-MB-231 cells.

Mao obtained new  platinum-phthalocyanine
conjugates based on silicon phthalocyanines with axial
pyridine ligands for binding to Cisplatin [14]. The steric
hindrance which can arise between axial ligands after
complexation with Cisplatin prevents the aggregation

of phthalocyanines, ensuring the preservation of
photophysical characteristics and photodynamic activity.

In 2014, Springler et al. suggested tetrakis-
(4-pyridyl)porphyrin containing four pyridyl moieties
as a substance for complexation with platinum [15].
A number of porphyrin derivatives with various cis- and
trans-platinum complexes showed significant toxicity
to several tumor cell lines under irradiation. Among
these, the conjugate with transplatin was found to be the
most active. It showed a low level of dark cytotoxicity,
while the photoinduced toxicity was in the nanomolar
concentration range.

Later, Alberto et al. studied the effect of replacing
the porphyrin ligand with a chlorin or bacteriochlorin
ligand [16]. It was shown that, along with enhanced
absorption in the long-wavelength region, the reduction
of the porphyrin ligand decreased the hydrolysis rate
of the conjugated platinum complex. This, in turn, can
lead to a decrease in undesirable side toxicity which is
related, among other things, to the rate of formation of
platinum aqua complexes [17].

In 2021, Springler’s research team obtained
a synthetic bacteriochlorin with an absorption maximum
in the region of 750 nm containing pyridine moieties for
complexation with platinum, as well as fluoro- and chloro-
substituted phenyl and sulfonamide groups for increasing
resistance of the macrocycle to oxidation [ 18, 19]. In vitro
studies of the activity of the resulting bacteriochlorins
with platinum on various cell lines showed an increase in
cytotoxicity by an order of magnitude, when compared
to the metal-free bacteriochlorins.

MATERIALS AND METHODS

The solvents were purified and prepared according to
the standard procedures?. The following reagents were
used in the study: potassium hydroxide (Sigma-Aldrich,
USA), hydrochloric acid (reagent grade) (Merck,
Germany),  N-methyl-N-nitrosourea  (Sigma-Aldrich,
USA), sodium periodate (Acros Organics, Belgium),
osmium tetroxide (7okyo Chemical Industry, Japan),
ammonium acetate (Sigma-Aldrich, USA), sodium
hydrosulfite (Sigma-Aldrich, USA), acetic acid (reagent
grade) (ALDOSA, Russia), potassium carbonate (Merck,
Germany), hydrazine hydrate (Sigma-Aldrich, USA),
hydroxylamine hydrochloride (Sigma-Aldrich, USA),
Cisplatin  (Clearsynth, India), silver nitrate (Merck,
Germany), diazabicycloundecene (Sigma-Aldrich,
USA), isoniazid (Sigma-Aldrich, USA), trifluoroacetic
acid(4LDOSA,Russia),andphenanthrolinediketone (Sigma-
Aldrich, USA). Thin layer chromatography (TLC)

2 Gordon A.J., Ford R.A. The Chemist s Companion. New York: Wiley-Interscience; 1972.
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was performed using TLC-Kieselgel 60 F,, and
TLC Aluminumoxide 60 F,s, neutral plates (Merck,
Germany). Column chromatography was performed
on Silica gel 60 (Merck, Germany). For preparative
TLC, Aluminum oxide 60 G neutral (type E) and
Silica gel 60 G (Merck, Germany) were used. Chromatography
was carried out in the dichloromethane—methanol system
in various ratios. Nuclear magnetic resonance (NMR)
spectra were recorded in deuterochloroform on a DPX-300
spectrometer (Bruker, Germany) with an operating
frequency of 300 MHz. High-resolution mass spectra were
recorded on an Orbitrap Elite mass spectrometer (7hermo
Scientific, USA) and on a micrOTOF II instrument (Bruker,
Germany) using electrospray ionization (ESI). Electronic
absorption spectra were obtained on an Ultrospec 2100 Pro
spectrophotometer (GE HealthCare, USA), in 10 mm thick
quartz cells. All the spectral studies were performed at
25°C. Sedimentation was carried out on a Hermle Z 206 A
centrifuge (Hermle, Germany).

)

3

RESULTS AND DISCUSSION

In continuation of the studies described above performed
by various research teams, this work obtained pyridine-
containing complexes of natural chlorins and their
complexes with Pt(Il) as prototypes of drugs for
combined photodynamic and chemotherapy.
Bacteriopheophorbide (1) obtained from
bacteriochlorophyll, which in turn was isolated by
the standard method from Rhodobacter spheroids
bacteria [20], was chosen as the initial compound. It was
then converted into bacteriochlorin e, by nucleophilic
opening of the cyclopentanone ring by treatment with
a solution of NaOH in acetone at 50°C for 1.5 h.
Bacteriochlorin e, was converted to its trimethyl
ester (2) by treatment with diazomethane (Scheme 1).
The chromatographic mobility of the product increased
significantly, enabling its chromatographic purification
to be performed efficiently. Next, Schiff base (3) was
prepared by treatment of compound (2) with isonicotinic

o

Scheme 1. Preparation of bacteriochlorin e derivative with isoniazid and its complex with Pt(II). i: (1) NaOH, H,O/Acetone;
(2) HCI, H,O/Acetone; (3) CH,N,, Et,O/CH,Cl,, 1 h; ii: isonicotinic acid hydrazide, TosOH, N,N-dimethylformamide (DMF), Ar,

24 h; iii: PNH,),(H,0)Cl, DMF, 24 h
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acid hydrazide. The reaction was carried out in
N,N-dimethylformamide (DMF) in an inert environment
for 96 h using p-toluenesulfonic acid as the catalyst.
Chromatography of the product (3) showed the presence
of two compounds with similar retention coefficients R
and identical molar masses, suggesting the formation of
that syn- and anti-isomers.

Incorporation of an isonicotinic acid moiety leads
to a hypsochromic shift of the main absorption band by
15 nm (Fig. 3).

Next, a platinum complex of isonicotinyl-containing
bacteriochlorin (4) was obtained by the reaction of
compound (3) with Cisplatin in 5 : 1 ratio using an
equimolar ratio (1 : 1) of silver nitrate to compound (3).

Excess of Cisplatin was required, in order to increase
the overall yield of the reaction, since platinum can be
reduced during activation with silver nitrate. As a result
of the reaction, silver chloride precipitated and was
separated by centrifugation. The reaction was performed
in an argon atmosphere for 48 h.

Analysis of the electronic absorption spectra
showed that platinum is coordinated at the periphery
of the macrocycle rather than the internal cavity of the
latter (Fig. 4).

The structure of the resulting compound was
confirmed by mass spectrometry (Fig. 5) where splitting
of the molecular ion [M+H]" 1118.3 Da matching the
isotopic composition of platinum atoms was observed.

0.9 4 2.5 4
0.8 4 4N
2z 2 20
= 0.74 =~ e 4V
S 0.6 2 - —
g —3 ERER 3
o 0.5 o
g Q
£ 04] g 1.0
° ¥
5 0.3 5
172] v
< 021 2 05
0.1
0 T T T T T T T T y 0 T T T T !
350 400 450 500 550 600 650 700 750 800 300 400 500 600 700 800
Wavelength, nm Wavelength, nm
Fig. 3. Absorption spectra of compounds (2) and (3) Fig. 4. Absorption spectra of compounds (3) and (4)
1200007 1118.300
13.99%
110000
100600 1117.200
11.44%
90000
800001 1005.400 1039.300
9.12% 9.13%
J 1004.400 1040300 1116300
. 70000 8.16% | 8.00% 8.05% “71;?,/00
= . """ 1120300
o
7.24%
o~ 600004
z 1003.400
4 6.36% | 1038.200
8 500001 1006200 || 599% | 1941300
£ 5.50%._| |5.64%
40000 1007.400
1042.200
998.400 || 4.25% 2
393%  4.11%
300007 1001.300 1121.300
2.83% L 023300 2.85%
20000 2.29%
1001'300 1008.500 1100400 flf 1,7 199
1.49% 1.29% 1.41% o
=770 1056.100 1.21%
10000+ 98730017022, 100 [ 9 8994
0.73% [l 5q00 1 ’/
o IIJ.H"I:I\..nunihuli\.JIIdl||M|L\L|hwill|hl‘l‘|Iu“himhpUHﬂu.Lu“|a.|IuII||l|IiI|"Mh\l" il\uil‘llllllm ‘IH|||||||IEI|LIM|-|II...|HIH R RV i i i ol ot ]
10000
860 SEO 8410 8;0 880 900 920 940 960 980 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 1240 1260 1280 1300 1320 1340 1360
m/z, Da
Fig. 5. Mass spectrum of compound (4)
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):310-326 315



Platinum(Il) complexes based on derivatives of natural chlorins with pyridine-containing

Nikita S. Kirin,

chelate groups as prototypes of drugs for combination therapy in oncology etal.

In a similar way, we obtained a monopyridyl
platinum complex of natural chlorin (Scheme 2). The
starting compound was formylchlorin e, (6) obtained
by the Lemieux—Johnson reaction from trimethyl ester
of chlorin e, (5) using OsO, and NalO, [21]. This
method was used due to the presence of a vinyl group
in pyrrole A, and mild oxidation reaction conditions

which do not affect the chlorin macrocycle. The
platinum complex of the monopyridyl derivative of
chlorin e, was prepared according to a scheme involving
the preparation of enimine (7) followed by metalation
with dichlorodiaminoplatinum.

The resulting metal complex (8) was characterized
using chromatography-mass spectrometry (Fig. 6). Here

o)

Scheme 2. Preparation of a chlorin e, derivative with isoniazide and its complex with Pt(Il). i: NalO,4, OsO,, tetrahydrofuran (THF),
1 h; ii: isonicotinic acid hydrazide, TosOH, DMF, Ar, 24 h; iii: Pt(NH;),(H,0)Cl, DMF, 24 h
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Fig. 6. Chromato-mass spectrum of compound (8)
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a molecular ion peak M™ = 1024.3232 Da with isotopic
splitting characteristic of platinum compounds was
observed.

In the next experiment, a phenanthroline residue was
introduced into the chlorin macrocycle as a chelating
moiety. The Debus—Radziszewski condensation of
formylchlorin e, (6) with phenanthrolinedione was used
to this end, resulting in the phenanthroline imidazole
derivative of chlorin (9) [22-25]. The reaction was
carried out in the presence of ammonium acetate in
a chloroform-acetic acid mixture under reflux for
24 h (Scheme 3).

Incorporation of an electron-acceptor substituent
into pyrrole A leads to a bathochromic shift of the long-
wave absorption band of chlorin by 21 nm relative to the

H3CO,C

methyl ester of pheophorbide @ and by 24 nm relative to
the trimethyl ester of chlorin ¢, (5) (Fig. 7).

Logical continuation for modifying the conjugate
of chlorin with a phenanthrolinimidazole moiety
is to incorporate a Pt atom on the periphery of the
macrocycle by the reaction of the pigment with
potassium tetrachloroplatinate refluxing in DMF
for 18 h. The resulting metal complex (10) can be
considered as a prototype of an antitumor drug with
combined photodynamic and chemotherapeutic
effects.

The binding of nitrogen atoms in the phenanthroline
ring to the platinum cation caused a hypsochromic
shift in the long-wavelength absorption band of the
pigment (Fig. 8).

Scheme 3. Preparation of a chlorin e, derivative with phenanthroline and its complex with Pt(II). i: phenanthrolinedione,
CHCI4/AcOH, NH,OAc, reflux, 12 h; ii: K,[PtCl,], DMF/H,0, Ar, 18 h
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Fig. 7. Electronic absorption spectrum of compound (9).
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The mass spectrum of compound (10) exhibited
a molecular ion peak [M+H]" = 1097.260 Da and an
accompanying isotope splitting characteristic of platinum
compounds (Fig. 9).

Terpyridine was the next pyridine-containing
chelating moiety used for complexation with
platinum. Bacteriochlorin N-aminocycloimide methyl
ester (11) [26] was the starting compound. It was reacted
with bromotolyl terpyridine in tetrahydrofuran in the
presence of diisopropylethylamine (Scheme 4). The

substitution reaction occurs at the exocyclic primary
amino group of the pigment, enabling the formation of
mono- and disubstituted amines. In order to obtain the
monosubstituted product (12), a molar ratio of reagents
of 1 : 1 and dilution of the reaction mixture were used.
A 2-3-fold excess of the alkylating agent was used [27]
in order to obtain the disubstituted product.

Product (12) was purified using preparative TLC
on neutral alumina since due to high polarity, the target
pigments are “stretched” on the silica gel plate.
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Fig. 9. Electrospray ionization Fourier transform mass spectrum of compound (10)

H3CO,C

Scheme 4. Preparation of the N-NH,-bacteriopurpurinimide derivative with terpyridine and its complex with Pt(II).
i: 4"-(4-bromomethylphenyl)-2,2":6",2"- terpyridine, THF, reflux, 8 h; ii: K,[PtCl,], DMF/H,0, Ar, 75°C, 4 h
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In the case of monosubstituted bacteriochlorin,
a hypsochromic shift is observed in the electronic
absorption spectrum from 834 to 828 nm with respect to
the parent compound (11). The '"H NMR spectra of both
compounds contain characteristic signals of the protons
in the pyridine rings of the tolyl terpyridine moiety in the
region of 8 ppm.

The metallation ~ of  terpyridine-containing
bacteriochlorin was carried out using potassium
tetrachloroplatinate in DMF in the presence of a small
amount of water. The progress of the reaction was
monitored using analytical TLC on alumina, since the
chromatographic mobility of the resulting metal complex
decreases abruptly.

The electrospray ionization + high-resolution mass
spectrometry (ESI-HRMS) showed a molecular ion
peak with isotopic splitting characteristic of platinum
compounds (Fig. 10).

Another way of incorporating a terpyridine
moiety into a bacteriochlorin molecule involves the
use of N-hydroxybacteriopurpurinimide oxime (14)
synthesized previously in the Preobrazhensky
laboratory of the Department of Chemistry and
Technology of Biologically Active Compounds
at the Lomonosov Institute of Fine Chemical
Technologies (Scheme 5) [28]. The presence of two
reaction centers in the molecule of the latter results in
an ambiguous reaction. Due to enhanced acidity, the
substitution reaction at the OH group of the exocycle
occurs more readily (15), while replacement of the OH

TppY#1#899 RT: 6.59 AV: 1 NL: 2.57E6
T: FTMS + pESI Full ms [350.0000-2200.0000]

group of the oxime requires refluxing for 15 h to give
the disubstituted reaction product (16) in 38% yield.
The structure of the resulting compounds was reliably
confirmed by a combination of physicochemical
analytical methods.

Since the formation of the metal complex of
compound (16) is difficult due to the steric properties of
the molecule, mono-Pt-containing photosensitizer (17)
was obtained by the method reported for the synthesis
of compound (13) involving the use of potassium
tetrachloroplatinate in DMF and heating.

The resulting complex (17) was characterized by
electrospray ionization mass spectrometry (ESI-MS)
where a molecular ion peak with isotopic splitting
characteristic of platinum compounds was observed.

Thus, as a result of the work described above,
pyridine-containing chelator groups such as residues
of isonicotinic acid, phenanthroline, and terpyridine,
which show affinity to the platinum atom and form
stable complexes with it, were incorporated into the
structure of natural chlorins. On the one hand, the
resulting metal complexes can exhibit photodynamic
activity on irradiation into the absorption band of the
chlorin used. On the other hand, platinum complexes
have a cytotoxic effect, alkylating DNA and exerting
an antiproliferative effect. After conducting biological
tests and confirming the synergistic effect, the metal
complexes obtained can be considered as binary
photosensitizers for photodynamic and chemotherapy
in oncology.
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Scheme 5. Preparation of N-OH-bacteriopurpurinimide derivatives with terpyridine and its complex with Pt(II).
i: 4"-(4-bromomethylphenyl)-2,2":6',2"- terpyridine, diazabicycloundecene (DBU), CHCl,, 1 h; ii: K,[PtCl,], DMF/H,0, Ar, 75°C, 4 h;
iii: 4'-(4-bromomethylphenyl)-2,2":6',2"- terpyridine (2eq), DBU, CHCl,, 15 h
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EXPERIMENTAL

Bacteriochlorin trimethyl ester e 2).
Bacteriopheophorbide @ (1) (250 mg, 0.409 mmol) was
dissolved in 28 mL of degassed acetone. The reaction
mixture was degassed for 10 min in an ultrasonic bath,
then argon was bubbled through it for 5 min with stirring.
A degassed aqueous solution (28 mL) of potassium
hydroxide (3.64 g, 0.065 mol) was added to the reaction
mixture. Then the reaction mixture was heated in a water
bath for 1.5 hat51°C. The reaction progress was monitored
by TLC on silica gel in the CH,Cl, : MeOH (5 : 1) solvent
system. Next, the reaction mixture was diluted with
water and adjusted to pH 4.5 with hydrochloric acid. The
precipitate formed was separated, an aqueous solution
of hydrochloric acid with pH 4.6 was added, and the
suspension was then centrifuged for 10 min (6000 rpm).
The supernatant was removed and the procedure was
repeated two more times. Then, 15 mL of a solution
of freshly prepared diazomethane in diethyl ether was
added. The reaction mixture was stirred for 1 h at room
temperature (25°C). The reaction progress was monitored
by TLC in the dichloromethane/methanol (50 : 1) system
to give 160 mg (80%) of compound 2.

THNMR (CDCl4, 6,ppm):9.29 (s, 5-H), 8.69 (s, 10-H),
8.63 (s, 20-H), 5.20 (s, 15-CH,%), 5.16 (s, 15—CH2b),
4.38-4.15 (m, 7-H, 18-H, 17-H, 13-COOCH,), 3.76 (m,
15-COOCH,), 3.67 (m, 8-H), 3.65 (s, 17-COOCH,),
3.61 (s, 2-Me), 3.37 (s, 12-Me), 3.21 (s, 32-Me),
2.38-1.92 (m, 171-CH2, 82-CH2 , 172-CH2), 1.86 (d,
J="1.2 Hz, 7-Me), 1.67 (d, /= 7.1 Hz, 18-Me), 1.10 (t,
J=17.3Hz, 8>-Me), —1.12 (s, NH), —1.20 (s, NH).

Mass spectrum, m/z: [M+H]"; calculated for
C4,H4N,O, + H: 656.32; obtained: 657.3.

Conjugate of bacteriochlorin with isonicotinic
acid (3). Bacteriochlorin e, trimethyl ester (2) (62.4 mg,
0.095 mmol), isonicotinic acid hydrazide (65.15 mg,
0.475 mmol), and TosOH-H,O (18.07 mg, 0.095 mmol)
were dissolved in 2 mL of DMF, after which argon was
bubbled through the solution for 15 min. The reaction
mixture was stirred for 24 h at room temperature. The
reaction progress was monitored by TLC on silica gel in
the CH,Cl1,:MeOH (100 : 1) solvent system. The product
was purified using preparative TLC on neutral alumina
in the dichloromethane/methanol solvent system (80 : 1)
to give 49.6 mg (79.5%) of compound 3.

'H NMR (CDCl;, &, ppm): 9.43 (s, 5-H), 8.77-8.66
(m, N-CH-Nic), 837 (d, 20-H), 823 (m, CH-Nic),
8.01 (s, NH-Nic), 5.40-5.05 (m, 15!-CH,), 4.40-4.27
(m, 7-H,17-H,18-H), 4.24 (s, 13-COOCH,), 3.78 (s,
15-COOCHy), 3.71-3.67 (m, 8-H), 3.66 (s, 17-COOCH,),
340 (s, 2-Me), 336 (s, 12-Me), 3.00 (s, 3°-Me),
2.46-1.97 (m, 82-CH,, 17!-CH,, 17°-CH,), 1.84(d, 18-Me),
1.71 (d, 7-Me), 1.06 (t, 8>-Me), (—1.61)~(—1.31) (m, NH).

Mass spectrum, m/z: [M+H]" calculated for
Cy3H 9N, O, + H: 775.37; obtained: 776.3.

Bacteriochlorin platinum complex (4). Silver
nitrate (2.82 mg, 0.017 mmol) and Cisplatin (5 mg,
0.011 mol) were suspended in 1.5 mL of DMF in
an inert environment without access of light, after
which the mixture was stirred for 12 h at room
temperature. The suspension was then centrifuged
for 5 min (10000 rpm), after which the supernatant
was added to compound 7 (5 mg, 0.007 mmol). The
solution was stirred for 12 h at room temperature in
an argon atmosphere without access of light. The
reaction progress was monitored by TLC in the
dichloromethane/methanol solvent system (10 : 1).
After reaction completion, the reaction mixture was
concentrated in the vacuum of an oil pump to give
4.98 mg (99.6%) of compound 4.

Mass spectrum, m/z: [M+H]" calculated for
C,3H4oN,O,PtCINO4(NH,), + H: 1118.292; obtained:
1118.3.

3-Formylchlorin ¢ trimethyl ester (6). Chlorin e,
trimethyl ester (5) (498 mg, 0.780 mmol) was dissolved
in 20 mL of THF, then a solution of NalO, (670 mg,
3.133 mmol) in 5 mL of H,0O and 300 pL of
0sO, solution (2.75 g, 0.039 mmol) in 90 mL of
dichloromethane were added. The reaction was carried
out using stirring in an argon atmosphere and cooling to
0°C for 3 h. The progress of the reaction was monitored
by TLC in a hexane/ethyl acetate (1 : 1) system.
A saturated solution of NaHSO; in 10 mL of methanol
was then added to the reaction mixture that was stirred for
another 15 min. The reaction mixture was extracted with
dichloromethane (1 x 30 mL). The resulting extract was
washed with water (3 x 100 mL), dried with anhydrous
Na,SO, and concentrated under reduced pressure. The
product was isolated using column chromatography in
a hexane/ethyl acetate system (2 : 1) and crystallized
from dichloromethane on a watch glass to give 206 mg
(41.0%) of compound 6 as purple crystals.

THNMR (CDCl,, 6, ppm): 1.66—1.79 (m, 6H, 82—CH3,
183—CH3), 2.12-2.30 (m, 2H, 172-CH,), 2.50-2.66 (m,
1H, 17!-CH,), 3.33 (s, 3H, 7!-CH;), 3.57 (s, 3H, 2!-CH,),
3.59 (q,J=17.2 Hz, 2H, 8!-CH,), 3.64 (s, 3H, 12!-CH,),
3.80 (s, 3H, 15°-CH;), 3.83 (s, 3H, 174-CHj;), 4.27 (s,
3H, 132-CH3), 4.39-4.52 (m, 2H, 17-H, 18-H), 5.25 (d,
J =18.8 Hz, 1H, 15!-CH,), 5.38 (d, J = 18.8 Hz, 1H,
15!-CH,), 8.94 (s, 1H, 20-H), 9.67 (s, 1H, 5-H), 10.27 (s,
1H, 10-H), 11.55 (s, 1H, 3'-CH).

Mass spectrum, m/z: [M]" calculated for
C,6H,N,O,": 640.290, obtained: 640.909 [M]".

Ultraviolet and visible (UV/VIS) radiation (CH,Cl,),
maximum wavelengths A nm (log,): 416 (4.24),

max’

512 (3.28), 547 (3.36), 634 (3.06), 691 (3.98).
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Chlorin conjugate with isonicotinic acid (7). Formyl
derivative of chlorin e, (6) (62.4 mg, 0.095 mmol),
isonicotinic acid hydrazide (65.15 mg, 0.475 mmol),
and diazabicycloundecene (18.07 mg, 0.095 mmol)
were dissolved in 3 mL of DMF, after which argon was
bubbled for 10 min through the solution. The reaction
mixture was stirred for 36 h at room temperature. The
reaction progress was monitored by TLC on silica gel in
the dichloromethane/methanol (100 : 1) solvent system.
The product was isolated using preparative TLC on
neutral alumina in the CH,Cl, : MeOH (80 : 1) solvent
system to give 52.7 mg (81.3%) of compound 7.

'H NMR (CDCl,, &, ppm): 9.43 (s, 5-H),
8.77-8.66 (m, N-CH-Nic), 8.37 (d, 20-H), 8.23 (m,
CH-Nic), 8.01 (s, NH-Nic), 5.40-5.05 (m, 151-CH2),
4.40-4.27 (m, 7-H,17-H,18-H), 4.24 (s, 13-COOCH,),
3.78 (s, 15-COOCH,), 3.71-3.67 (m, 8-H), 3.66 (s,
17-COOCH,), 3.40 (s, 2-Me), 3.36 (s, 12-Me), 3.00 (s,
32-Me), 2.46-1.97 (m, 82—CH2, 17!-CH,, 17°-CH,),
1.84 (d, 18-Me), 1.71 (d, 7-Me), 1.06 (t, 83-Me),
(-1.61)—(—1.31) (m, NH).

Mass spectrum, m/z: [M+H]" calculated for
CyHyyN, O, + H: 759.421; obtained: 760.5.

Platinum complex of monopyridyl chlorin
derivative (8). Silver nitrate (2.82 mg, 0.017 mmol)
and Cisplatin (5 mg, 0.011 mol) were suspended in
1 mL of DMF in an inert environment without access
of light, after which the mixture was stirred for 12 h at
room temperature. The suspension was then centrifuged
for 5 min (10000 rpm), after which the supernatant
was added to compound 7 (5 mg, 0.007 mmol). The
solution was stirred in an argon atmosphere for 12 h at
room temperature without access of light. The reaction
progress was monitored by TLC in the dichloromethane/
methanol (10 : 1) solvent system. After completion of
the reaction, the reaction mixture was concentrated in
the vacuum of an oil pump to give 5.54 mg (99.7%) of
compound 8.

Mass spectrum, m/z: [M+H]" calculated for
C,,H 4 N,O,PtCINO4(NH,), + H: 1204.3243; obtained:
1204.3232.

3-(Phenanthrolinoimidazol-2-yl) chlorin ¢, trimethyl
ester (9). To a solution of compound 6 (25 mg,
0.039 mmol) in a mixture of CHCI;/AcOH (5%),
phenanthrolinedione (16.4 mg, 0.078 mmol) and
NH,OAc (60.2 mg, 0.781 mmol) were added in
two portions with an interval of 7 h under reflux
conditions. The progress of the reaction was monitored
by TLC in the hexane/ethyl acetate system (1 : 1).
At the end of the reaction, the mixture was washed
with saturated NaCl solution, dried with anhydrous
Na,SO,, and concentrated under reduced pressure.
The product was isolated using preparative TLC in
the dichloromethane/methanol (50 : 1) system and

crystallized from dichloromethane on a watch glass to
give 24.8 mg (77%) of compound 9.

"HNMR spectrum (CDCl,, 8, ppm): 2.18 (s, 1H, NH),
1.39 (t, J = 7.6 Hz, 3H, 8*-CH,), 1.94 (d, J = 7.2 Hz,
3H, 18°-CHj;), 2.72-3.02 (m, 4H, 17!-CH,, 172-CH,),
3.22 (s, 3H, 71-CH3), 3.44 (s, 3H, 21-CH3), 3.76 (s, 2H,
17!-CHy,), 3.95 (s, 3H, 121-CH,), 4.38 (s, 3H, 132-CH,),
4.53 (d,J=10.1 Hz, 1H, 17-H), 4.62 (d, /= 7.3 Hz, 1H,
18-H), 5.54-5.31 (m, 2H, 151-CH2), 6.83 (s, 1H, NH),
7.47 (s, 2H, Ph-H?), 8.09 (s, 2H, Ph-H'), 8.76 (s, 2H,
Ph-H?), 8.85 (s, 1H, 20-H), 9.09 (s, 1H, 5-H), 10.50 (s,
1H, 10-H).

Mass spectrum, m/z: [M]": calculated for
C48H46N806+: 832.361; obtained: 832.300.

UV/VIS (CH,CLy), A, nm (& X 1073, M -ecm™):
413 (5.49), 508 (4.50), 543 (4.55), 631 (4.14), 688 (5.19).

High performance liquid chromatography -
mass spectrometry (HPLC-MS) (CH;CN), retention
time 7, min (m/z): 10.95 (832.3445).

Platinum complex of 3-(phenanthrolinoimidazol-
2-yl)chlorin trimethyl ester e, (10). To compound 9
(32 mg, 0.039 mmol) dissolved in 4 mL of DMEF,
a solution of K,[PtCl,] (24 mg, 0.058 mmol) in 1 mL of
H,O was added. The reaction was carried out with stirring
for 18 h. The progress of the reaction was monitored
by TLC in the dichloromethane/methanol (20 : 1)
system. The reaction mixture was extracted with
dichloromethane. The resulting extract was washed three
times with saturated NaCl solution, dried with anhydrous
Na,SO,, and concentrated under reduced pressure.
Next, the product was isolated using preparative TLC
in the dichloromethane/methanol (20 : 1) system and
crystallized from dichloromethane on a watch glass to
give 6.4 mg (15%) of compound 10.

Mass spectrum, m/z: [M]": calculated for
C48H46N806C13Pt+: 1097.256; obtained: 1097.260.

HPLC-MS (CH5CN), t, min (m/z): 8,63 (1097.2603).

Bacteriochlorin 13,15-(/V-(4-([2,2":6',2"-terpyridin]-

"-yl)benzyl)amino)cycloimide methyl ester (12).
Bacteriochlorin 13,15-(N-amino)cycloimide methyl ester
(15mg,0.025 mmol), N, N-diisopropylethylamine (9.6 L,
0.055 mmol) and 4'-(4-bromomethylphenyl)-2,2":6',2"-
terpyridine (11.1 mg, 0.028 mmol) were dissolved
in 15 mL of THF and refluxed for 8 h in a stream of
argon. The reaction mixture was diluted with 10 mL
of chloroform and washed with 50 mL of water. The
organic layer was dried with anhydrous Na,SO, and
concentrated on a rotary evaporator. The residue was
purified using preparative TLC on neutral alumina in
a dichloromethane/methanol system (200 : 1) to give
14.4 mg (63%) of compound 12.

'H NMR spectrum (CDCl,, 8, ppm), terpyridine
moiety (TTpy): 9.19 (1H, s, 10-H), 8.79 (1H, s, 5-H),
8.75-8.55 (9H, m, 20-H and TTpy-H), 7.94-7.79 (4H,
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TTpy-H), 7.36-7.31 2H, m, TTpy-H), 5.22 (1H, m, 17-H),
4.56 (2H, s, TTpy-CH,), 4.27 (1H, m, 18-H), 4.08 (1H, m,
7-H), 3.88 (1H, m, 8-H), 3.71 (3H, s, 12-CH,), 3.57 (3H,
s, 17°-CH;) 3.53 (3H, s, 2-CH;), 3.17 (3H, s, 3>-CH,),
2.61 (2H, m, 8!-CH,), 2.39 (2H, m, 17?-CH,), 2.04 (2H,
m, 171-CH2), 1.81 3H, d, J = 7 Hz, 7-CHy,), 1.69 (3H,
d,J=7.8 Hz, 18-CH,), 1.11 (3H, t, J = 7.4 Hz, 8>-CH,),
—0.34 (1H, br.s, s, NH), —0.56 (1H, br.s, s, NH).

ESI-HRMS, m/z: [M+H]™:  calculated for
CyeHs3NgOg + H: 932.42; obtained: 932.42.

UV/VIS (CH,Cl,), A, nm (g x 1073, M l-cm™):
365 (49.2),417 (42.7), 551(33.4), 828(40.5).

Platinum complex of compound 12 (13).
Compound 12 (3.5 mg, 0.0037 mmol) was dissolved in
2 mL of DMF. K,[PtCl,] (1.7 mg, 0.0041 mmol) was
dissolved in 0.5 mL of water and added to the DMF
solution. The reaction mixture was stirred for 6 h at
75°C. The reaction mixture was diluted with 10 mL
of chloroform and washed with 50 mL of water. The
organic layer was dried with anhydrous Na,SO, and
concentrated on a rotary evaporator to give 0.9 mg (21%)
of compound 13.

UV/VIS (CH,CL), A, nm (¢ x 1073, M~l-em™):
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5).

ESI-HRMS, m/z: [M+H]*: calculated for
CsHs3CLNGOsPt + H: 1162.4170; obtained: 1162.4248.

Bacteriochlorin 13,15-(N-(4-(]2,2":6’,2"-terpyridin]|-

"-yl)benzyl)oxy)cycloimide oxime methyl ester (15).
Bacteriochlorin 13,15-(N-hydroxy)cycloimide methyl
ester 14 [28] (28.9 mg, 0.046 mmol), diazabicyclo-
undecene (13.8 uL, 0.092 mmol), and 4'-(4-bromomethyl-
phenyl)-2,2":6',2"-terpyridine (20.4 mg, 0.042 mmol)
were dissolved in 3 mL of chloroform and stirred for 1 h.
The reaction mixture was washed with 30 mL of water.
The organic layer was dried with anhydrous Na,SO, and
concentrated on a rotary evaporator. The residue was
purified using preparative TLC on neutral alumina in
a dichloromethane/methanol system (200 : 1) to give
29.8 mg (66%) of compound 15.

'"H NMR spectrum (CDCl;, 8, ppm): 8.80 (1H, s,
5-H), 8.75-8.36 (10H, m, 10-H, 20-H and TTpy-H),
7.99-7.71 (4H, m, J = 8 Hz, TTpy-H), 7.43-7.35 (2H,
m, TTpy-H), 5.18 (1H, m, 17-H), 4.27-4.22 (2H, m,
TTpy-CH,), 4.19-4.10 (2H, m, 7-H, 18-H), 4.05 (1H,
m, 8-H), 3.58 (3H, s, 12-CH;), 3.50 (3H, s, 17°-CH,)
3.22 (3H, s, 2-CH,), 2.78 (3H, s, 32—CH3), 2.32 (2H, m,
173-CH,), 2.22 (2H, m, 8!-CH,), 2.02 (2H, m, 17!-CH,),
1.95 3H, d, J = 7.3 Hz, 7-CH;), 1.75 (3H, d, J = 7 Hz,
18-CH;), 1.09 3H, t,J=7.3 Hz, 82—CH3), 0.03 (1H, br.s,
s, NH), —0.23 (1H, br.s, s, NH).

UV/VIS (CH,Cl,), A, nm (g X 1073, M~ -em™):
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5).

ESI-HRMS, m/z: [M+H]™: calculated for
CscHy3NgO, + H: 948.41; obtained: 948.40.

Methyl ester of 13,15-(NV-(4-(]12,2":6",2""-
terpyridin]-4’-yl)benzyl)oxy)cycloimide  3-devinyl-3-
(((4-(]2,2":6",2""-terpyridin]-4'-yl)benzyl)oxy)imino)
bacteriochlorin  (16).  13,15-(N-Hydroxy)cycloimide
bacteriochlorin methyl ester 14 (30 mg, 0.048 mmol),
diazabicycloundecene (28.6 pL, 0.191 mmol), and
4'-(4-bromomethylphenyl)-2,2":6',2"-terpyridine (38.6 mg,
0.096 mmol) were dissolved in 3 mL of chloroform and
stirred for 15 h under reflux. The reaction mixture was
washed with 30 mL of water. The organic layer was dried
with anhydrous Na,SO, and concentrated on a rotary
evaporator. The residue was purified using preparative
TLC on neutral alumina in a dichloromethane/methanol
system (200 : 1) to give 23.1 mg (38%) of compound 16.

'H NMR spectrum (CDCl,, 8, ppm): 9.15 (1H, s,
10-H), 8.70 (1H, s, 5-H), 8.69-7.53 (27H, m, 20-H and
TTpy-H), 5.30 (1H, m, 17-H), 4.92 (2H, m, TTpy-CH,),
4.23 (2H, m, 7-H, 18-H), 4.10 (1H, m, 8-H), 3.89 (2H, m,
TTpy-CH,’),3.73 3H, s, 12-CH,), 3.65 (3H, s, 17°-CH;)
3.55(3H,s,2-CH;), 3.24 (3H, s, 32—CH3), 3.27-2.12 (4H,
m, 8!-CH,, 17°-CH,), 1.98 (2H, m, 17!-CH,), 1.75 (3H,
d,J=73Hz, 7-CH,), 1.72 (3H, d, J= 7.2 Hz, 18-CH,),
1.08 (3H, t, /= 7.4 Hz, 82-CH,), —0.26 (1H, br.s, s, NH),
—0.64 (1H, br.s, s, NH).

ESI-HRMS, m/z: [M+H]": calculated for
CseHy3NgO + H: 1268.91; obtained: 1268.92.

Platinum complex compound 15 (17). Compound 15
(15 mg, 0.016 mmol) was dissolved in 2 mL of DMF.
K, [PtCl,] (9.86 mg, 0.024 mmol) was dissolved in 0.5 mL
water and added to the DMF solution. The reaction mixture
was stirred for 6 h at 75°C. The reaction mixture was then
diluted with 10 mL of chloroform and washed with 50 mL
of water. The organic layer was dried with anhydrous
Na,SO, and concentrated on a rotary evaporator to give
3.5 mg (18%) of compound 17.

UV/VIS (CH,Cl,), A, nm (g X 1073, M Lem™):
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5).

ESI-HRMS, m/z: [M+H]": calculated for
CycHy3CLLN O Pt + H: 1177.63; obtained: 1177.60.

CONCLUSIONS

In this study, a series of platinum complexes of
pyridine-containing derivatives of natural chlorins
and bacteriochlorins were obtained for potential use
in combination therapy in oncology. The structure of
all the compounds obtained was reliably confirmed by
a combination of physicochemical methods of analysis.
The study demonstrated the high chelating ability of
pyridine-containing derivatives of natural chlorins.
Biological tests of photoinduced and dark cytotoxicity of
the leader compounds have been scheduled along with
an assessment of the antitumor activity at the organism
level.
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Abstract

Objectives. To study the influence of the type of matrix-forming material and excipients concentration, spray drying parameters on the
characteristics of the powder for inhalation, as well as to investigate the inhalation compositions for stability under stressful conditions.

Methods. Spray drying was used to obtain powder compositions with the required characteristics for inhalation therapy. Microscopic
and analytical studies of powders were carried out. Statistical analysis made it possible to estimate the influence of factors on the powder
characteristics and rank them by importance. The stability of spray dried powders was studied.

Results. The optimal parameters for obtaining powders for inhalation were found by means of mathematical statistics: air flow rate was
37 m3/h; compressed air flow rate — 601 L/h; inlet air temperature — 150°C; solution flow rate — 45% of the power of the peristaltic
pump (16.3 g/min for this composition); L-leucine concentration — 10 wt %; ratio of components of the matrix polyvinylpyrrolidone
K-30/D-mannitol = 1 : 3. Under these conditions, as well as by means of 2 experiments additionally selected from the research design,
a composition with isoniazid as an active substance was spray dried. The resulting powders were analyzed, in order to confirm the
correctness of the recommended parameters.

Conclusions. The selection of compositions and spray drying conditions involves multiple criteria. The characteristics of the powder for
inhalation may deteriorate significantly during long-term storage. The optimal parameters were determined using statistical analysis and
confirmed by experimental data.
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NUccnepoBaHue MHransLuMOHHbIX MUKPOMOPOLLKOB,
NoJIy4eHHbIX METOA4O0M pacnbiJIUTEJSIbHON CYLUKHU

JLA. IllepbaxoBa™, A.U. Cautrapeesa, M.I. Fopauenxo, P.P. Cagapos

Poccuiickuii xumuxo-mexnonoeuueckuul ynugepcumem um. /I.1M. Menodeneesa, Mockea, 125047 Poccus

™ demop ons nepenucku, e-mail: shcherbakova.l.a@muctr.ru

AHHOTaUuS

Heﬂﬂ. WccnenoBarh BIUSHUE THIIA Marepuala, ¢)0pMI/Ipy10mer0 KapKac 4aCTULlbl, KOHOEHTpPAIlUU BCIIOMOIr'aTCJIbHBIX BECUIECTB U IMapa-
METPOB pacnmnnTeanoﬁ CYHIKHU Ha XapaKTCPUCTUKU IMOPOLIKA It HMHT SN, HpOBepI/ITB WHTAJSIIIAOHHEINA COCTaB HA CTaOUIBLHOCTH
B CTPECCOBLIX YCIIOBHUAX.

Metoapl. {7151 TOMy4eHHs MOPOIIKOBBIX KOMIIO3UIMH ¢ TpeOyeMbIMHU XapaKTePUCTHKAMHK IS WHTAISIIMOHHON Tepanuy HCIONb30Ba-
J1ach PacTbUINTENbHAS CyIIKa. BBIIM MpOBeIeHbl MUKPOCKOIMIECKHE U aHAINTHYECKHE UCCIIeI0BAaHUS YacTHIl cyXoro mopomika. Cra-
THCTHYECKUI aHAIN3 TT03BOJIMI OLICHUTH BIHAHIE (PAKTOPOB HA XapaKTEPHCTHKHU MOTy4aeMOro TOPOIIKA ISl HHTAISIUHI U IPOPAHKHU-
POBaTh UX 110 3HAYMMOCTHU. BBITO MPOBEICHO HCCIeI0BAaHNE CTAOMIBHOCTH TTOPOIIKOB, TTOMYYEHHBIX MOCIIE PACTIBUIUTEIBHON CYIIKH.

Pe3ynbrarbl. MeToaMi MaTeMaTH4eCKON CTATHCTUKHM YAAJIOCh YCTQHOBUTH ONTHUMAJIbHBIC TAapaMeTpPhl MOJYYEHUS TTOPOLIKOB s
MHTaJISIAN: PACXO/ CYNIMIBHOTO areHTa COCTaBMI 37 M3/4; PacXojl CIKATOTO BO3AyXa, ToAaBaeMoro Ha dopcyHky — 601 n/4; Temme-
patypa CyIIMJIBHOTO areHTa Ha Bxoje B kamepy — 150°C; pacxon pactBopa — 45% OT MOLTHOCTH BCTpoeHHOro Hacoca (16.3 r/mMuH
JUISL TAHHOTO COCTaBa KOMMO3UINH); KOHIIeHTpanuus L-nelirmmaa — 10 mac. %; cOOTHOIIEHHE KOMITIOHEHTOB MaTPUIIBI TIOTMBUHUIITHP-
pomunon K-30/mannuton = 1 : 3. [Ipu gaHHBIX yCIOBUSX, a TAKXKe MIPU YCIOBHUAX 2-X HKCIIEPUMEHTOB JOMOJIHUTENBHO BEIOPAHHBIX U3
IUIaHA MCCIIEIOBAaHMIA, Oblila TIpOBe/IeHa HapabOTKa KOMITO3MIMHI ¢ H30HUA3U/IOM B Ka4€CTBE aKTUBHOT'O BEILIECTBA U TPOBEJICH aHAIIH3
TIOJIyY€HHBIX OPOIIIKOB, YTO MO3BOJIMIIO HOATBEPAUTH KOPPEKTHOCTh PEKOMEHI0BAaHHBIX ITapaMEeTPOB.

BriBoabl. [Tog60p cocraBa KOMIIO3UIMHN U yCIOBHIH PACIIBIIMTEIBHOMN CYILIKH SBISIETCSI MHOTOKPUTEpHAIbHOI 3a1a4eil. XapaKTepucTu-
KU MOPOLIKA JUISl MHIAJSILUA MOTYT 3HAYUTENBHO YXYAIIUTHCS TIPH JUTMTEIEHOM XpaHeHH!. OnTrMaibHble HapaMeTphl ObUIN OIpe/ielie-

KnioueBbie cnoBa

Ana uunTUpoBaHua

pacIbUIUTENbHAS CYIIKa, AKTUBHBINA (papMaleBTHUSCKUI HHIPEIUEHT, MUKPOIIOPOIIKH,
UHTJISIMS], METO/IbI INIAHUPOBAHUS IKCIIEPUMEHTA, ONITUMU3ALIMSI

HbI C IPUMEHEHUEM CTATUCTUYECKOIO aHaJIM3a U NOATBEPIKACHBI DOKCIICPUMEHTAJIbHBIMU JIAHHBIMU.

30.11.2023
Aopa6oTaHa: 16.02.2024
MpuHsaTa B neuatb: 27.06.2024

Moctynuna:

[ep6akoBa JI.A., CautrapeeBa A.U., lopauenko M.I, Cadapor P.P. MccrenoBanue MHraIsIIMOHHBIX MHKPOMOPOIIKOB, MOTYyYCHHBIX
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4-327-336
INTRODUCTION

Pulmonary drug delivery is a promising non-invasive
method of active pharmaceutical ingredient (API)
delivery for the local treatment of lung diseases [1]. This
delivery promotes rapid drug absorption and bypasses
the first-pass metabolism effect [2].

Studies have shown that for the purposes of
targeted drug delivery to the lungs, the particle size
should be in the range of 1 to 5 um [3]. Obtaining
particles in the specified size range is possible using
spray drying. This technology has such advantages as
high product yield (up to 70%), high drying rate, no
API overheating, and the ability to obtain a relatively
narrow size distribution of powder particles. This
factor is especially important in the development
of new inhalation drug delivery systems [4, 5].

Drying parameters and the composition of stock
solutions have a crucial influence on the release rate,
physical characteristics and the stability of powder
compositions. Such parameters need to be carefully
investigated, in order to ensure the delivery of high
doses of drug substance to the lungs. The dispersion
composition of the composition also plays an
important role in its stability and aerodynamics.

In addition to the aerodynamic diameter requirements,
the powder should have a good level of aerosolization,
depending on flowability and dispersibility [6].
Flowability (friability) is an important property of
inhalation powders, since it determines their behavior
when an emitted dose of drug is inhaled from a powder
inhaler [7].
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The addition of amino acids to powder compositions
can improve the solubility of the powder, its
aerodynamic characteristics and increase the yield of
the product. The introduction of such an amino acid as
leucine can reduce the surface tension and reduce the
size of droplets formed during atomization [2]. This
results in finer particles, preferred for pulmonary drug
delivery, and reduces agglomeration of the powder
during storage [1].

Due to their non-toxicity, affordability and water
solubility, disaccharides such as lactose, trehalose and
mannitol are widely used in the manufacture of inhalation
powders. The introduction of carbohydrates in inhalation
powders should take into account their hygroscopicity,
glass transition temperature and possible interaction
with other components and APIs. Hygroscopicity affects
the ability of the powder to absorb moisture, as well
as drug stability and caking. Studies have shown that
the addition of non-hygroscopic mannitol to powder
composition improves its dispersibility and prevents
particle caking [8].

Biocompatible polymers of synthetic and natural
origin can be used as carriers in the creation of inhaler
compositions [9, 10]. One widely used polymer in the
pharmaceutical industry is polyvinylpyrrolidone (PVP).
PVP grade K-30 is widely used in pharmaceutical
technology as solution stabilizer, filler and binder.

Isoniazid (widely used for the treatment of
tuberculosis) which acts on pathogens located extra-
and intracellularly [11] was selected as an API. Using
a powder composition consisting of isoniazid, mannitol,
leucine and PVP, a stable and easy to use dosage form,
can be obtained.

Fillers play an important role in dry inhalation
powders. They provide the necessary aerodynamic
characteristics and stability of physical properties of the
composition [12].

Studies on the stability of pharmaceuticals were
conducted, in order to study the degradation of drug
substances, as well as to preserve the characteristics of
the composition under the influence of stress factors
(increased values of temperature and humidity) [13]. This
is necessary, in order to develop the optimal composition
of the drug product, as well as to determine the basic
requirements for the creation of primary packaging.
Based on the results of studies, specific storage
parameters for drug substances were established [14]. In
the present work, the stability of powders obtained after
spray drying was investigated at temperature 7' = 40°C
and humidity W = 70%.

The aim of the present study was to research the
effect of composition and spray drying parameters
upon the properties of the obtained powder inhalation
composition and its stability during storage.

MATERIALS AND METHODS

Materials. The experimental work for preparation
of placebo powders used mannitol, D(-)-mannite
E 421 (hereinafter D-mannite) grade (Merck, Germany);
amino acid L-leucine (Suzhou Vitajoy Bio-Tech Co.,China);
PVP K-30 grade (NEO Chemical, Russia). Mannitol
together with PVP K-30 are used as the matrix-forming
agents. Isoniazid was used as the API. The pharmaceutical
substance was synthesized at the Department of Organic
Chemistry, D.I. Mendeleev Chemical University of
Russia. The high quality of isoniazid was confirmed by
high-performance liquid chromatography.

The experimental design. In order to improve the
efficiency of the experiment and obtain reliable results,
the experimental design is advisable. Due to the large
number of influencing factors and available limitations
on the number of experiments, a full factorial experiment
combined with two Latin squares was constructed
(Table 1).

The most significant controlled parameters were
identified: L-leucine concentration (10, 15, 20, and
25%); PVP K-30/D-mannite ratio = 1 : 3 and PVP
K-30/D-mannite = 3 : 1. These parameters were varied at
four levels. The parameters: drying agent flow rate (32 and
37 m3/h); compressed air flow rate supplied to the nozzle
(473 and 601 L/h); drying agent temperature at the chamber
inlet (150 and 180°C); liquor flow rate (45 and 55% of the
capacity of the built-in pump)—were varied at two levels.

The design of experiment is presented in Table 2.
Sixteen experiments were conducted, with experiments
No. 8 and No. 9 conducted in three repetitions to assess
the homogeneity of variance and reproducibility variance.

Preparation of dry powder compositions. The
composition of solutions is presented in Table 3. In order
to prepare the solutions, 219.3 g of distilled water were
measured into a glass beaker and the required weights
of L-leucine, D-mannite, PVP K-30 were added one
by one. Then everything was stirred with a magnetic
stirrer until the formation of a translucent solution and
complete dissolution of these substances. The solutions
obtained were dried on a spray dryer Mini Spray Dryer
B-290 (Buchi, Switzerland). Drying parameters were set
according to the planning matrix (Table 2).

Characterization of the obtained dry powder
compositions. The yield and the following characteristics
were determined for all samples obtained: bulk density,
friability, residual moisture content and the angle of
repose. The characteristics were measured immediately
after filling and after 2 weeks of storage at 7' = 40°C,
W="10%.

The product yield was determined as follows: the
ratio of the mass of powder obtained after the spray
drying process to the total mass of solid added to prepare
the stock solution (1):
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Table 1. Variable factors and their acceptable values

Values
No. Parameter
*) ©)
X Air flow rate, m3/h 37 32
X, Compressed air flow rate, L/h 601 473
X5 Inlet air temperature, °C 180 150
X, Power of peristaltic pump, %" 55 45
Factors varying at four levels

A B C D
s | Matrix-forming material k30 | DMammitol | PVP K—3(i/11)-:l\;lannitol = | pvp K-3(i/]3)-:1\;[annitol =
X L-Leucine concentration, % 10 15 20 25

*Note: since the compositions of the solutions were different, their density and viscosity varied accordingly, therefore, for each experiment,
the flow rate of liquid supplied for drying at a given power was measured individually during the drying process.

Table 2. Design of experiment

Table 3. Composition of solutions

No. X, X, X, Xy X X No. | PVP, g | D-Mannitol, g | L-Leucine, g | H,04, g
1 - - - - A 10 1 12.6 0 1.4 219.3
2 + - - - B 15 2 0 11.9 2.1 219.3
3 - + - - C 20 3 2.8 8.4 2.8 219.3
4 + + - - D 25 4 7.9 2.6 3.5 2193
5 - - + - B 25 5 0 10.5 3.5 219.3
6 + - + - A 20 6 11.2 0 2.8 219.3
7 - + + - D 15 7 8.9 3.0 2.1 2193
8 + + + - C 10 8 3.2 9.5 1.4 219.3
9 - - - + C 15 9 3.0 8.9 2.1 219.3
10 + - - + D 10 10 9.5 32 1.4 219.3
11 - + - + A 25 11 10.5 0 3.5 219.3
12 + + - + B 20 12 0 11.2 2.8 219.3
13 - - + + D 20 13 8.4 2.8 2.8 219.3
14 + - + + C 25 14 2.6 7.9 3.5 2193
15 - + + + B 10 15 0 12.6 1.4 2193
16 + + + + A 15 16 11.9 0 2.1 2193
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wherein 1 is a product yield.

Determination of particle size distribution. Using
Micros MCX-100 Crocus optical microscope (Micros,
Austria) with hundredfold magnification, particle
sizes were determined. In order to study each powder
obtained, a small amount of sample was taken and placed
on a Goryaev chamber (Minimed, Russia). The images of
micropowders were processed using ImageG software!.
In order to characterize the dispersion composition of the
samples, the median diameter as well as the quantile of
D,, and D, were used. Scanning electron microscopy
(JEOL 1610LV scanning electron microscope JEOL
1610LV (JEOL, Japan)) was performed, in order to
visualize the diameter, structural and surface morphology
of the microparticles.

The residual moisture content of the samples was
determined using an Axis AGS500 moisture analyzer
(Axis, Sweden) at 40°C in automatic mode.

Bulk density measurement. In order to establish the
bulk density values, the powder was placed in a 1-mL
microtube (Eppendorf, Germany). The bulk density
was determined by the formula as to be the ratio of the
mass of the bulk material to the volume occupied by it,
including the pores between the particles (2):

p=7 2
wherein p is the bulk density of the powder; m is the
mass of the powder; V is the volume of the powder.

The angle of repose is a constant three-dimensional
angle relative to the horizontal surface formed by a cone-
shaped pyramid of material. The angle of repose value
was measured in at least three repetitions using an ADA
AngleMeter 40 electronic angle meter (4DA Instruments,
China) in three planes and expressed in angular degrees.

Investigation of powder stability under stress
conditions. The process of testing powder samples
for caking was carried out in the following way. First,
sample preparation was carried out. For each sample,
two gelatin capsules of 0.25 g of powder were filled.
The powder was obtained as a result of the spray drying
process. Each pair of capsules was placed in a small
filter paper envelope and sent to a Memmert heat-cold-
moisture climate chamber HPP110eco, 108 L (Memmert,
Germany). Powder caking determination tests were
performed at 40°C and 70% humidity. After 14 days of
keeping the capsules in the climatic chamber, the powder
samples were evaluated, checked for caking or sticking.

1 https://imagej.net/. Accessed May 10, 2023.

Then the following characteristics were determined:
residual moisture content, particle size distribution and
angle of repose.

Statistical analysis of the results. In order to
determine the intensity of the influence of the studied
factors on the characteristics of micropowders, statistical
analysis of the results was carried out in accordance
with [15]. During the analysis, the effects of all factors
were calculated and their significance was assessed.

Since multi-criteria problems may not have a local
optimum, this case required a transition to a single-
criteria problem (convolution of criteria), for example,
by the utopian point method [15]. For this purpose, the
criteria are normalized in accordance with formula (3):

norm _ _ " J

,j=12,...,16, 3)
J
wherein 7™M jg the normalized value of the criterion;
opt ]; is the optimal value of the criterion, j is the ordinal
number of the criterion.

The position of the utopian point in the space of vector
estimates was determined by equations (4) and (5):

Fr=(f fy v fo)sm=1,..., 6, 4)

7 =opt from, (5)

wherein F* are coordinates of the ideal point in the f,:
criterion space, since no criterion can obtain a higher
value; opt fj‘.lorm is the optimal value of the normalized
criterion, m is the ordinal number of the criterion.

For each experiment, we calculated the distance to
the utopian point in space by formula (6):

dy =\ U = 3™, m= 1,6, ©

wherein d/. is the distance to the utopian point, m is the
ordinal number of the criterion.

The optimal conditions were determined by
minimizing the distance to the utopian point.

RESULTS AND DISCUSSION

According to the methodology and experiment plan,
16 experiments were carried out at different values of
varying factors. Analytical studies were carried out for
each obtained sample, the results of which are presented
in Table 4.

Analytical studies of the micropowders obtained
showed that the product yields ranged from 29.5 to
73%, with high yields (more than 60%) obtained in
experiments Nos. 6, 7, 8, 11, 12, 15, and 16.
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Table 4. Analysis of the obtained powders
No. | Product yield, % Resiiﬁi:;f);mre o fﬁ;ilsz, o | Bulk density, g/cm? D, hm Dy, pm Dy, pm
1 36.6 0.36 43 0.45 22 4.0 6.9
2 40.3 0.12 50 0.54 2.5 4.4 7.1
3 313 0.25 34 0.50 2.1 2.8 4.9
4 29.5 0.32 36 0.42 2.4 3.1 8.5
5 319 0.32 24 0.38 2.0 3.8 6.1
6 66.1 0.65 27 0.39 2.3 3.6 6.4
7 61.4 0.60 36 0.48 3.9 5.1 6.9
8 60.3 0.45 23 0.52 2.7 3.8 4.9
9 47.4 0.18 37 0.61 2.3 32 4.6
10 44.4 0.57 37 0.51 2.1 2.8 3.6
11 64.3 0.60 33 0.43 1.3 1.7 2.3
12 73.3 0.19 32 0.50 2.5 34 4.5
13 36.8 0.22 33 0.39 6.4 8.8 12.7
14 314 0.15 34 0.41 1.6 2.5 3.6
15 72.8 0.12 33 0.59 24 3.0 5.1
16 70.9 0.18 38 0.40 52 6.2 8.2

The samples studied retain a small percentage of
residual moisture content (range from 0.12 to 0.65 wt %).

The angle of repose is in the range of 23—-50° (except
for powder No. 2). Bulk density for all samples is less
than 0.6 g/cm?, indicating a high level of fluidity of the
obtained dry powder compositions. The particle sizes in
samples Nos. 3, 812, 14, and 15 fall within the range
of 1-5 um, which makes them suitable for inhalation
application.

Statistical analysis revealed that the residual moisture
content in the studied range is not affected by any of the
factors. With regard to the remaining criteria, analysis
showed the contradictory nature of the influence of the
factors. The optimal conditions for spray drying were
obtained and established that the distance to the utopian
point should be minimal: X, is the drying agent flow
rate (+) 37 mi/h; X, is the compressed air flow rate

supplied to the nozzle (+) 601 L/h; Xj; is the drying agent
temperature at the chamber inlet (-) 150°C; X, is the
solution flow rate (—) 45 (g/min); X is the matrix material
(0.621) = C (PVP K-30/D-mannite = 1 : 3), where C is
the concentration; X, is the L-leucine concentration
(0.626 g) = 10%.

Figure shows scanning electron microscope
photographs of samples Nos. 2 and 10. The images
shows that the particles have a regular spherical shape.
The particle size of sample No. 2 has greater uniformity.

After storage of pharmaceutical substances under
stress conditions, analytical studies were performed
(Table 5).

After a two-week storage period of the samples under
stress conditions, it was visually determined that powders
Nos. 1 and 7 lost their bulkiness (i.e., stuck together).
In this way further analysis of these samples became
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26621

Fig. Scanning electron microscope photographs of samples No. 2 and No. 10. Photographs of the samples were made on the equipment
of the Central Research Center of the D.I. Mendeleev University of Chemical Technology of Russia

Table 5. Analysis of powders after storage under stress conditions

No. Residual moisture content, % Dy, pm Dy;, pm Dy, pm Angle of repose, ©
1 _ _ _ _
2 0.41 3.8 5.59 8.1 38
3 0.63 43 5.90 8.7 35
4 1.15 2.9 4.90 7.1 23
5 0.28 4.0 5.70 8.5 36
6 2.25 4.1 6.00 8.6 40
7 _ _ _ _
8 0.95 3.6 5.80 8.6 27
9 0.81 4.5 6.40 9.2 51
10 2.07 3.6 6.30 8.6 32
11 2.08 4.1 5.90 8.0 30
12 0.30 35 5.30 7.8 30
13 1.40 2.4 3.60 5.7 27
14 0.54 3.2 5.00 6.7 41
15 0.12 3.4 4.95 7.6 35
16 2.32 5.0 7.28 10.0 32
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impossible. All other samples had a small angle of repose.
Comparing the parameters obtained in Tables 4 and 5,
we can see that after stress tests the residual moisture
content and particle size increased insignificantly.

Based on the above, the conclusion can be drawn that
not all powders are suitable for long-term storage under
stress conditions. In experiments Nos. 8 and 12, the best
parameters were obtained, meeting the requirements for
inhalation powders.

Preparation of powder compositions with API.
In order to obtain solutions with API (isoniazid), the
conditions obtained as a result of criteria convolution
(Table 6, sample 3), as well as the parameters of
experiments Nos. 8 and 12 (Table 6, samples 1 and 2,
respectively) were used. These samples of placebo
compositions showed the best characteristics.

Spray drying conditions for these samples are given
in Table 7. The results of the study of the samples of
compositions are presented in Table 8.

Table 6. Composition of solutions

Table 8 shows that in all experiments, a high
product yield (more than 60%) was obtained. Since
all powders have a small angle of repose and low bulk
density, the aerodynamic properties of these samples
can be considered good. The particle sizes have narrow
particle size distribution, which makes them suitable for
inhalation application.

The samples were investigated for stability under
stress conditions for a period of two weeks (7' = 40°C;
W =70%). After this time interval, the characteristics of
the samples did not change significantly (Table 9).

Thus, the found optimal conditions ensure the
achievement of the stated result.

CONCLUSIONS

The series of studies showed the contradictory
influence of composition components and spray
drying conditions upon the different characteristics

No. PVP, g D-Mannitol, g L-Leucine, g Isoniazid, g H,O4i 8

1 1.6 4.75 0.7 0.5 109.65

2 0 5.60 1.4 0.5 109.65

3 1.6 4.75 0.7 0.5 109.65

Table 7. Parameters of experiments

No. X X, X, X, X X

1 37 601 180 45 C 10

2 37 601 150 55 B 20

3 37 601 150 45 C 10

Note: X, is the flow rate of spray gas, m3/h; X, is the flow rate of compressed air per nozzle, L/h; X; is the temperature of spray gas
at the spray cylinder inlet, °C; X, is the power of peristaltic pump, %; X; is the matrix material; X, is the L-leucine concentration, %;

B is D-Mannitol; C stands for PVP K-30/D-Mannitol =1 : 3.

Table 8. Analysis of the resulting API powders

Sample | Productyield, % | Residual moisture content, % o firgils; o Bull; /lerlgsity, Dy, um | Dgp,pm | Dy, pm
1 68.6 3.8 15 0.5 3.5 4.6 6.5
2 66.6 3.8 16 0.3 35 4.7 5.8
3 68.6 3.6 21 0.4 2.7 3.7 4.8
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Table 9. Analysis of resulting API samples after storage under stress conditions

Sample Residual moisture content, % Angle of repose, ° Dy, pm Dy, pm Dy, pm
1 43 18 3.2 4.5 5.9
2 4.0 17 2.1 3.0 43
3 4.6 20 3.1 4.2 6.1
of the dry powder compositions obtained. The utopian Acknowledgments

point method was used in order to determine the
optimal conditions. For the established parameters,
a dry powder composition containing isoniazid was
produced. This composition included a mixture of
PVP K-30/D-mannite = 1 : 3 and L-leucine with a mass
loading of 10% as matrix material. Analysis of the
characteristics of the product obtained immediately
after drying and after two weeks of storage in conditions
of high humidity and temperature confirmed that the
required values of quality indicators had been achieved:
product yield 68.6%; moisture content less than 5%;
angle of repose less than 20°; average particle diameter
4.2 um.
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Abstract

Objectives. To obtain porous corundum ceramics using an innovative cold sintering process starting from different phase modifications
of aluminum oxohydroxide—boehmite y-AIOOH and diaspore a-AIOOH; to study the phase and structural properties of the resulting
materials; and to assess their permeability to water.

Results. Cold sintering enables the formation of single-phase corundum ceramics with an open porosity of 47.9% directly from the initial
boehmite powder with the addition of 5 wt % corundum in the presence of 20 wt % water at a temperature of 450°C, mechanical pressure
of 220 MPa, and isothermal exposure for 30 min. Under the same conditions of cold sintering, a mixture of diaspore and boehmite was
transformed into a-AIOOH ceramics. This then turned into corundum with an open porosity of 39% when calcined in air at 600°C for
1 h. The resulting materials had permeability for pure water above 5000 L/(m?-h-bar).

Conclusions. Cold sintering is a promising approach to producing porous corundum ceramics which can be used in filtration systems.
Compared to traditional ceramic technology, the new approach reduces energy, time, and labor costs in the material manufacturing.
It also eliminates the need to use auxiliary substances (binders, pore-forming agents, etc.).
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AHHOTaUUuS

Hesn. ITomyyuts NOPUCTYIO KOPYHIOBYIO KEpaMUKy C ITOMOILbBI0 MHHOBALIMOHHOI'O METOZA XOJOAHOTO CIEKAHUsS C HCIOJIb30BaHU-
eM pa3InyHbIX (a30BBIX MOAM(PHUKAIMH OKCOrHApoKcHaa amomunus — Oemuta y-AIOOH u nuacniopa a-AlOOH, u3yuunts dazoBbie
U CTPYKTYpPHBIE CBOMCTBA [TOTy4E€HHBIX MATEPHAIOB U OLIEHUTh X MPOHULIAEMOCTb UL BOJBL.

PesyabTarbl. C MOMOIIBIO XOJIOAHOTO criekaHusi B pucytcTBuu 20 mMac. % Boabl pu temmeparype 450°C, MexaHHUeCKOM JIaBICHUU
220 MIla u u3oTepMuyeckoit Boiepxkke 30 MUH M3 HCXOIHOTO MOpoIIKa 6eMuTa ¢ o0aBieHreM 5 Mac. % KopyH/1a Obliia H3rOTOBJICHA
onHo(da3Hast KOpyH/I0Basi KepaMUKa ¢ OTKPBITOH OpUCTOCThIO 47.9%. [Ipn Takux ke yCIOBHSIX XOJIOJHOTO CIIEKaHHsI CMECh JHAcIopa
n OGemuTa npeBpartmiachk B kepaMuky o-AlOOH, koTopast npu nmpokanuBanuy Ha Bozayxe npu 600°C B Teuenue 1 4 nepenuia B KOPyHJ
C OTKPHITOM TIOPUCTOCTHIO 39%. [ToTyuennbie MaTeprabl 06MaIaiu TPOHUIIAEMOCTBIO ISl YUCTOM Bojbl Gosee 5000 j1/(M2-u-Gap).

BsiBoabl. Xo101HOE CIIEKaHUE SBIIACTCS NEPCIEKTUBHBIM METOIOM AJIsl U3TOTOBJICHUS IOPUCTON KOPYHIOBOI KEPAMUKHU, KOTOPAst MO-
’KeT OBITh HCIIOJIb30BaHa B cucTeMax (uabrpanuu. [1o cpaBHEHHIO ¢ TpaJUIIOHHON KepaMHUIeCKOil TeXHOJIOTHEH HOBBIH ITOXO]] CHIDKA-
©T SHEepreTHIeCKHe, BPEMEHHBIC U TPY03aTPaThl IIPH H3TOTOBJICHUH MaTepuaa, a Takke HCKII09aeT He0OXOMMMOCTh B HCTIOIb30BaHUN
BCIIOMOTATEIbHBIX BEHIECTB (CBA3YIONIHX, TIOPOOOPA3yIONIUX areHTOB U IIp.).

Kniouesble cnoBa MocTtynuna: 02.05.2024
XOJIOZIHOE CIICKaHWUEe, OKCH]I aFOMHHUS, OKCOTHIIPOKCH]I aTFOMUHHS, KOPYH/I, OEMHT, Oopa6oTaHa: 07.05.2024
JIMACTIOP, TIOPUCTAst IPOHHIAEMAst KePAMHKa NpuHsTa B nevats: 01.07.2024

Ansa uMTMpoBaHus

Xomoxaxosa A.A., Koputomma M.B., CmuproB A.B., Apbanac JI.A., Xpycranes A.H., bazaposa B.E., Illymsanes A.B., Kynpeernko C.1O.,
Weaxun 10./]. XonogHoe criekaHue o- 1 Y-MOAUPHUKALINIA OKCOTHIPOKCHAA ATFOMUHNS: HU3KOTEMIICPaTyPHBIN CIOCO0 MOMYYEeHUsI IIOPUCTON
KOPYHIOBOU KepaMUKH. Tonkue xumuyeckue mexronoeuu. 2024;19(4):337-349. https://doi.org/10.32362/2410-6593-2024-19-4-337-349

1. INTRODUCTION . . .
following chains of transformations [4, 5] are most often

Ceramics based on aluminum oxide o-Al,O; are realized [4, 5] (formulas 1 and 2):

widely used in various fields of engineering due to their 300°C 970°C

mechanical characteristics, chemical and temperature v-Al(OH); >%-Al 03 > )
resistance, stable dielectric properties and compatibility — k-ALO, 1100°C , . _ AL,

with biological tissues [1-3]. Aluminum oxide exists in

the.form of a number of transi.tional phase quiﬁcations y-AIOOH 450°C y-ALO, 750°C

which as a result of successive transformations under 1000°C 1200°C )
heating transform into o-Al,O;. In practice, the - 06-Al,03 ————0-Al,0; ————a-Al, O;.
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An important problem of a-Al,O; production is the
high temperature of its formation (more than 1100°C), as
well as the sintering temperature of corundum ceramics
(more than 1500°C). Methods based on the use of
aqueous reaction medium for y-Al(OH); or y-AIOOH
treatment are currently known. They allow for the
synthesizing of single-phase a-Al,O; in an autoclave
at a temperature of 380—450°C [6, 7]. The decisive role
in reducing the temperature of corundum formation
under such conditions is played by the interaction of
solid starting substances with water molecules from
the reaction medium. This results in dehydroxylation
of y-Al(OH), with the transition to y-AIOOH and its
transformation into a-Al,O;.

In the field of ceramics technology, a new approach
known as the cold sintering process (CSP) has been
actively developed during the last decade [8]. Processes
similar to those occurring with oxide and hydroxide
powders in aqueous medium in a closed reactor (autoclave)
are realized, in order to obtain dense or porous ceramic
materials. The CSP requires a mold equipped with a heater
in which feedstock in the form of powder and the “liquid
phase” are placed. The most often used liquids are water,
aqueous solutions of acids or alkalis, as well as hydroxides
or salts, including their hydrates with a low melting
point [9]. CSP is carried out under applied mechanical
pressure (usually up to 500 MPa) and isothermal holding
at temperatures below 500°C from several minutes to
several hours. The lowering of the sintering temperature
of ceramics under such conditions when compared to
conventional sintering is based on the interaction of the
initial powder particles with the liquid phase. The literature
considers various possible mechanisms of ceramic
microstructure formation during CSP. This includes partial
dissolution of solid matter, ion transport through the liquid
phase and deposition in energetically more favorable
regions (dissolution—precipitation mechanism) [10],
as well as mass transfer and coalescence of particles
due to increased mobility of the crystal structure under
conditions of quasi-equilibrium hydroxylation (in the case
of water-based liquid phase) [11, 12]. An important role
in the CSP process is attributed to surface diffusion [13].
As of the present time, more than one hundred different
ceramic materials fabricated using the CSP method have
been reported.

The possibility of lowering the sintering temperature
by means of CSP is of particular interest in refractory
compositions, including corundum. Given the demand
for corundum ceramics in a range of applications, the
development of CSP technology for this material will
provide significant energy savings in its production.
Only a few papers have appeared in literature since
2020 reporting on the successful production of
a-Al,O; ceramics using the CSP method. Kang et al. [14]

succeeded in producing corundum ceramics in two
stages: by CSP of a mixture of a- and y-Al,O; in glacial
acetic acid at 300°C and 300 MPa for 1 h and subsequent
calcination of the samples in air at temperatures above
1250°C. In [15], CSP of y-Al(OH); was realized in
a spark plasma sintering unit, in order to obtain y-AIOOH
(boehmite) ceramics in the presence of water (450°C,
70 MPa, 20 min). The calcination of the obtained
boehmite in air led to the formation of a-Al,O, ceramics
with a porosity of about 60%. This work also shows the
transformation of boehmite powder into a-Al,O; under
the same conditions, but the obtained corundum sample
did not have the satisfactory transport strength.

The fabrication of porous ceramics based on
boehmite (porosity of about 38%) from y-Al(OH); was
described by Yamaguchi et al. [16]. They performed
CSP at 250°C and 270 MPa with the addition of water
as a liquid phase. The authors note that the transition of
aluminum hydroxide to oxohydroxide is accompanied
by a significant increase in the porosity of the material.
Based on the data provided in literature on the sequence
of transformations of y-Al(OH),~y-AlIOOH-0-Al,O; in
aqueous medium, including at CSP, the possibility of
direct production of porous ceramics a-Al,O; with
the help of CSP may be assumed. The direct transition
of another modification of aluminum oxyhydroxide,
a-AlOOH diaspore, into corundum upon heating to
a temperature of about 500°C is also known [17]. In
the few works concerning the fabrication of alumina
ceramics from natural diaspore, a high porosity of the
materials obtained is noted [18]. Thus, the diaspore-
corundum transition can be considered as a possible
basis for the process of obtaining corundum ceramics
at reduced temperature, in particular during CSP.

The aim of this work is to obtain porous corundum
ceramics by means of CSP of different phase
modifications of aluminum oxohydroxide—boehmite
v-AlOOH and diaspore a-AlOOH, as well as to study the
phase and structural properties of the obtained materials
and to evaluate their water permeability.

2. EXPERIMENTAL

2.1. Synthesis of aluminum oxohydroxide
(a- and y-AIOOH)

The synthesis of a-AIOOH (diaspore) was carried out
in two stages: (1) obtaining the precursor—aluminum
oxide—Dby precipitation from aqueous solution and
(2) treatment of the precursor in water vapor. Aluminum
nitrate  octahydrate AI(NO;);"9H,0 (high purity,
Lenreactive, Russia) and aqueous ammonia solution
NH,OH (particularly high purity, /REA experimental
plant, Russia) served as starting substances for precursor
synthesis. Equal volumes of aqueous solutions of
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Table 1. Production conditions of ceramic samples using the CSP method

(BCS—boehmite cold sintering, DCS—diaspore cold sintering)

CSP conditions Calcination conditions

Ceramic sample Raw material composition (powder)
BCS v-ig?cl){} stv:t//
o | i
| T

450°C, 220 MPa, 30 min -

600°C, 1 h

AI(NO;), prepared with a concentration of 0.15 M
and NH,OH with a concentration of 0.30 M were
added to 400 mL of distilled water under continuous
stirring and at a temperature of 75°C. The resulting
precipitate was left to age at the same temperature
for 3 h. It was then filtered and washed with a large
volume of distilled water until the wash water was
neutral. The filtered precipitate was air dried at 50°C
for 12 h. The resulting powder was calcined in air at
1000°C for 30 min. The precursor synthesized in this
way was placed in a container with a lid made of Teflon
and placed inside a laboratory autoclave (Private
entrepreneur Vitsukaeva S.N., Russia) with a volume of
17 mL. 2 mL of distilled water was poured in advance
at the bottom. The hermetically sealed autoclave was
heated to a temperature of 200-300°C at a rate of
70°C/h in a SNOL-3.5,3.5,3.5/5-11 drying cabinet
(NPF Thermiks, Russia) and kept at the assigned
temperature for up to 260 h. During the treatment, the
precursor was separated by container walls from water
in the liquid state, while in contact with the vapor phase.
The equilibrium vapor pressure of water was 3.97 MPa.
The autoclave was then cooled by placing the bottom of
the autoclave in cold water outside the desiccator. The
synthesized sample was removed from the autoclave
and dried in air at 50°C for 5 h.

Aluminum hydroxide (hydrargillite) y-Al(OH); (MD
brand, Pikalevsky Alumina Plant, Russia) served as
a starting substance for the synthesis of y-AIOOH
(boehmite) in water vapor. When treating y-Al(OH); in
water vapor, equipment and procedures similar to those
described above for treating the a-AIOOH precursor
were used. The temperature of isothermal soaking in
water vapor was 270°C, the equilibrium pressure was
5.50 MPa, and the duration was 14 h. The product
obtained was air dried at 50°C for 5 h.

2.2. Ceramics fabrication using the CSP
method

Thelaboratory setup for CSPin aqueous medium consisted
of the following: an IP-1250 M-auto hydraulic press

(Plant of Testing Instruments and Equipment, Russia);
a custom-made steel mold with two composite punches;
and a ring heater equipped with a temperature controller
Thermodat-17E6 (NPP Sistemy Kontrolya, Russia) with
two thermocouples. In order to prevent heat dissipation
into the press plates and the environment, custom-made
heat-insulating bars made of gabbro-diabase were placed
under the punches. The unit was placed in a casing made
of aluminum foil (RUSAL — Sayana Foil, Russia) and
refractory kaolin wool MKRV-200 (7eplopromproekt,
Russia), in order to reduce heat exchange with the
environment. Sealing of the working volume of the
mold was achieved by using sheets of graphite paper
(NPO Unikhimtek, Russia) and copper sealing rings
(Metallinvest Corporation, Russia) at the joints of the
mold elements. In order to induce nucleation of the latter
at CSP, 5 wt % of aluminum oxide a-Al,O; (corundum)
was preliminarily added into y-AIOOH powder. 1 g of
synthesized aluminum oxohydroxide was placed in
the working volume of the CSP mold, 0.2 mL distilled
water was poured in, and then a mechanical pressure of
220 MPa was applied to the assembled mold. Heating
was carried out at a rate of 10°C/min to a temperature
of 450°C, and isothermal holding was 30 min. It has
previously been shown that the formation of corundum
phase from boehmite powder occurs at 450°C under CSP
conditions [15]. The mechanical pressure was released,
the mold was cooled naturally, and the ceramic sample
was removed from the mold. The ceramic sample made
from a-AlOOH powder was calcined in air at 600°C for
1 h. The conditions of ceramic sample fabrication are
summarized in Table 1.

2.3. Methods of research of synthesized
powders and ceramics

The X-ray phase analysis of synthesized powders and
fabricated ceramics was carried out using a PowDiX 600
diffractometer (LINEV ADANI, Belarus, 2022) by means
of monochromatic Cu-Ka, radiation with A = 1.5406 A
(0.02-mm Ni filter) on a diffracted beam (30 kV, 10 mA).
The 6-26, continuous imaging was carried out in the
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Fig. 1. X-ray diffraction pattern (a) and SEM image (b) of Al,O, powder synthesized by precipitation followed by calcination
at 1000°C (Greek letters a, v, 6, 0 indicate the peaks of the corresponding Al,O, modifications)

interval 5° <20 < 80° with a step of 0.01° and a speed of
3.5°/min. Qualitative phase determination was performed
using the ICDD PDF powder database!, and quantitative
analysis was performed using the following formula for
calculating concentrations C (formula 3):

C= Imaxi

x100%, 3)

J o max j
wherein I . is the reflex intensity of i-phase with
relative intensity of 100%, and X jlmX j is the sum

of reflex intensities with relative intensity of 100% for
all phases in the studied sample. The morphology of
the synthesized powders and the microstructure of the
ceramic chips were investigated using a JEOL JSM 6380
scanning electron microscope (SEM) (JEOL, Japan).
The thermal analysis of the powder sample was carried
out in a gas flow (80 vol % air, 20 vol % argon) in the
temperature range from 40 to 700°C at a heating rate
of 10°C/min on a Netzsch STA 449C Jupiter thermal
analyzer (Netzsch, Germany).The integral structural
characteristics of ceramic samples (density and open
porosity) were measured using the kerosene saturation
method in accordance with GOST 2409-20142. In order
to determine the permeability of ceramics, the time
required for 100 mL of distilled water to flow through
the ceramic sample at a pressure drop of 0.09 MPa was
measured. The permeability P was calculated according
to the following formula (4):

V
- )
StAp

wherein V' is the volume of liquid passing through the
membrane of area S for a certain period of time ¢ at
differential pressure Ap.

3. RESULTS AND DISCUSSION

3.1. Characteristics of synthesized
aluminum oxohydroxide powders

The synthesis of the precursor for a-AIOOH powder
production was accompanied by the following chemical
transformations in solution (formulas (5) and (6)), as
well as during calcination (formula (7)):

AI(NO,), + 3NH,OH — AI(OH), ., + 3NH,NO;,  (5)
AI(OH), .., — AIOOH __, + H,0, (6)
2AI00H ; — ALO, , + H,0. (7

The slow mixing of solutions of AI(NO;); and
ammonia produces aluminum hydroxide precipitate
according to Eq. (5), which in the aging process under hot
solution transforms into y-AIOOH boehmite according to
Eq. (6) [19]. The calcination of the precipitate obtained in
air at 1000°C leads to the formation of aluminum oxide
according to Eq. (7). In terms of phase composition, the
powder obtained is a mixture of transitional modifications
of aluminum oxide (y-, 8-, and 0-Al,0,) and corundum
(a-Al,0,) (Fig. 1) formed during thermal decomposition
of boehmite. The heterogeneity of the phase composition
is reflected in the morphology of the product. The

1" ICDD PDF?2 database (https://www.icdd.com/pdf-2/). Accessed March 29, 2024.

2

GOST 2409-2014. Interstate Standard. Refractories. Method for determination of bulk density, apparent and true porosity, water absorption.

Moscow: Standartinform; 2014. https:/files.stroyinf.ru/Data2/1/4293767/4293767558.pdf. Accessed March 29, 2024.
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‘ Fig. 2. Diaspore contents after the treatment of alumina in a water vapor atmosphere: (a) 20 h of treatment at different temperatures;

SEM image (Fig. 1) shows particles of different shapes
(rounded, prismatic, irregular) and sizes from 80 nm to
4.6 pm.

As a result of the treatment of the synthesized
aluminum oxide powder in a water vapor atmosphere,
the formation of a mixture of aluminum oxohydroxides:
diaspore a-AlIOOH and boehmite y-AIOOH can be
observed. The rate of diaspore accumulation in the
system shows sensitivity to the process temperature. As
a result of the incubation of aluminum oxide in water
vapor at temperatures of 200, 250 and 300°C for 20 h, the
formation of the largest amount of diaspore (28.1 wt %)
can be observed at 250°C (Fig. 2a). The preparation of
boehmite under hydrothermal conditions at temperatures
from 150 to 240°C and equilibrium water vapor pressure
from amorphous aluminum oxide has been described in
the literature [20-22]. The formation of synthetic diaspore
was observed under harsher hydrothermal conditions,

25000

+ a-AlOOH (diaspore)
20000 + ¢ y-AIOOH (boehmite)

15000

10000

Intensity, a.u.

5000 4

at temperatures from 300 to 450°C, and pressures of
6.0 to 34.5 MPa when a-Al,O; powder was treated for
more than 72 h [23, 24]. At the same time, the mixture
of a- and y-modifications of Al,O, passes into diaspore
through the formation of the boehmite phase [23]. The
formation of oxohydroxides from different modifications
of aluminum oxide in water vapor most probably occurs
with the preservation of the type of close-packing in
crystals: hexagonal at the transition of a-Al,O, into
diaspore and cubic at the transformation of y-Al,O5 into
boehmite. The transition of boehmite into diaspore is
associated with a change in the type of close-packing in
the crystal. This may explain the slow accumulation of
0a-AIOOH in the reaction mixture during its prolonged
treatment (more than 48 h, Fig. 2b).

After 260 h of treatment of the synthesized aluminum
oxide in water vapor at 250°C, the reaction mixture
contains 75.3% diaspore and 24.7% boehmite (Fig. 3).

Skm B15E

(b)

Fig. 3. X-ray diffraction pattern (a) and SEM image (b) of diaspore powder synthesized in a water vapor at 250°C and an autogenous

pressure of 3.27 MPa for 260 h
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‘ Fig. 4. X-ray diffraction pattern (a) and SEM image (b) of boehmite powder synthesized in a water vapor at 270°C and an autogenous

pressure of 5.50 MPa for 14 h

Two types of particles can be distinguished in the
obtained powder: strongly agglomerated particles of
0.3-1.4 um in size, as well as large crystals growing
among them, up to 7 um in size, possessing smooth
faces. The appearance of large crystals is a consequence
of secondary recrystallization in the system.

As a result of treatment in water vapor of
y-Al(OH); hydrargyllite powder at 270°C and
equilibrium pressure of 5.50 MPa, a single-phase
boehmite with predominantly lamellar particle shape was
formed (Fig. 4). The particle size in the sample ranges
from 0.5 to 2.9 um. Such particle shape is also known
for boehmite synthesized under classical hydrothermal
conditions (in solution) [25, 26].

3.2. Structure and properties
of corundum ceramics fabricated
using the CSP method

CSP of synthesized powders of a- and y-oxohydroxides
of aluminum, carried out at a temperature of 450°C and
applied mechanical pressure of 220 MPa for 30 min, led to
the formation of transport-strength ceramic samples. The
phase analysis of ceramics made from powder consisting
of a mixture of 75.3% diaspore and 24.7% boehmite
showed that the phase transition of boehmite to diaspore
is completed during the CSP (Fig. 5a). The grains in the
material obtained (Fig. 5¢) are predominantly close in
shape and size to the large crystals formed as a result of
secondary recrystallization in the initial powder (Fig. 4).
During CSP, single large crystals present in the powder
served as nuclei of secondary recrystallization, leading
to a significant increase in the average grain size of
ceramics when compared to the original particles (from
0.94 to 2.13 um).

Thermal analysis of the diaspore ceramics revealed
an endothermic effect at around 524°C accompanied by
a mass loss of 13.97% (Fig. 5b). The data obtained on
the decomposition of a-AIOOH corresponds well with
that previously known from the literature for diaspore
powder [17]. At the same time, the total mass loss of
the diaspore ceramic sample when heated to 700°C
was 14.63%, which corresponds to the mass fraction
of water released from aluminum oxohydroxide during
the transition to Al,O5 (15%). Based on these data, the
diaspore ceramics were calcined in air at 600°C for 1 h,
leading to its complete conversion to a-Al,O; corundum
(Fig. 5a). The microstructure of the corundum ceramics
retained the appearance of grains observed in the diaspore
ceramics (Fig. 5d), while their average size increased to
2.78 um.

CSP of boehmite powder in the presence of 5 wt %
corundum resulted in the formation of single-phase
a-Al,O5 ceramics (Fig. 6). The SEM image of the
sample chip shows that the material has a developed pore
space, and consists of isometric grains with sizes ranging
from 0.42 to 4.23 um with an average value of 1.42 um.
The grains have a hexagonal shape characteristic of
corundum.

Corundum ceramics obtained from aluminum
oxohydroxide powders of different phase composition
have close values of relative density in the range of
46-48% (Table 2). At the same time, in the sample
achieved in one stage CSP from boehmite powder (BCS),
there is practically no closed porosity (5.9%), and open
pores account for about half of the material volume
(47.9%). The DCS-600 sample made from diaspore-
containing powder has lower open porosity (39.0%).
It should be noted that the DCS sample had only 9.0%
open porosity before calcination in air. The calcination
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Fig. 5. Study of the ceramics obtained from diaspore powder: (a) X-ray diffraction patterns of the samples manufactured by CSP (/)
and CSP with the following calcination at 600°C (2); (b) thermal analysis of the sample after the CSP; (c) SEM image of the sample
after CSP; (d) SEM image of the sample after CSP with the following calcination at 600°C
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Fig. 6. X-ray diffraction pattern (a) and SEM image (b) of ceramics obtained by a cold sintering processing of a boehmite powder
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Table 2. Integral structural characteristics and permeability of corundum ceramics fabricated using the CSP method

Ceramic sample name Relative density, %

Open porosity, % Permeability, L/(m?-h-bar)

BCS 46.2

47.9 5370

DCS-600 47.2

39.0 5020

had a negligible effect on the closed porosity, an increase
from 12.3 to 13.8% was observed. Taking into account
the different theoretical density of boehmite and diaspore
(3.08 and 3.38 g/cm?, respectively), we can conclude that
the decisive role in the formation of open porosity is played
by the phase transition of oxohydroxides into a-Al,Os,
which has a higher theoretical density (3.96 g/cm?).

The values of open porosity observed in the fabricated
corundum ceramics are comparable to those reported in
the literature for ceramic substrates made of a-Al,0, and
intended for the fabrication of filter membranes (30-40%
of open porosity) [27, 28]. The permeability of porous
materials obtained in the present work for pure water is
more than 5000 L/(m2-h-bar) (Table 2). It is consistent
with the value of open porosity. Corundum ceramics
made of boehmite powder have a higher level of
open porosity and permeability than those of diaspore
ceramics. Similar permeability values have been reported
by a number of authors for a-Al,O; ceramic filter
membranes. For example, in [29] corundum substrates
with a permeability of 4000 L/(m?-h-bar) were immersed
in a suspension of a-Al,O; powder followed by drying
and sintering, in order to obtain single-layer membranes
with a permeability of about 1000 L/(m?h-bar). Similarly,
Naseer et al. [30], using less permeable substrates
(614 L/(m?h-bar)), produced single-layer membranes with
a permeability of 388 L/(m?-h-bar) and bilayer membranes
with a permeability of 311 L/(mZh-bar). By filtering
a suspension through a substrate with a permeability of
4700 L/(m*h-bar), a membrane with a permeability of
550 L/(m*h-bar) was obtained in [31]. In other studies,
microfiltration membranes composed entirely of corundum
possessed permeabilities for pure water ranging from
2150 to 8000 L/(m?h-bar) [27, 28, 32]. In comparison with
literature data, the permeability of porous ceramic materials
obtained in this work allows us to consider the possibility of
their use as components of filtration systems. Depending on
the purpose of the system (from macro- to nanofiltration),
such materials can be promising both for independent
application, and as substrates for membranes of finer
water purification. A significant advantage of such porous
corundum ceramics over the currently known analogues
is a high level of energy efficiency, expressiveness and
the low labor intensity of the method of its manufacture:
CSP of aluminum oxohydroxides, including widely
available boehmite powder. The further development of

this technology of porous corundum ceramics involves
the study of the structure of its pore space, mechanical
properties and the possibility of manufacturing multilayer
materials with variable porosity.

4. CONCLUSIONS

The present work shows the possibility of using the CSP
method for the fabrication of porous corundum ceramics
based on aluminum oxohydroxides and water. The CSP
of boehmite y-AIOOH powder with the addition of
a-Al,O; corundum in the presence of 20 wt % water
at a temperature of 450°C and an applied mechanical
pressure of 220 MPa for 30 min allows single-phase
a-Al,O; ceramics with an open porosity of 47.9% to be
directly obtained. At CSP of a mixture of a-AIOOH diaspore
powders (75.3%) and boehmite (24.3%), single-phase
diaspore ceramics are formed. These completely transform
into corundum ceramics with an open porosity of 39.0%
as a result of calcination in air at 600°C for 1 h. Ceramics
made of aluminum oxohydroxides have a permeability
level for pure water of more than 5000 L/(m?-h-bar),
allowing us to consider them as a material promising for use
in filtration systems. The use of CSP provides an increase
in the efficiency of porous corundum ceramics production,
when compared with the traditional technology due to
energy saving and the absence of the need to use auxiliary
substances (binders, pore-forming agents, etc.).
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Abstract

Objectives. To develop technologies for producing multilayer films of transparent thermoplastic polymers; to study methods of modifying
their supramolecular structure; and to determine their optical properties by means of optical-polarization methods for the use of modified
films as decorative and design materials in modern architecture.

Methods. Industrial samples of polystyrene, low-density polyethylene, polypropylene, and polyvinyl chloride films from various
manufacturers (Don Polimer, Vektor, and Sibur) were the objects of the study. The optical properties of the films were studied by means
polarized-light spectrophotometry. In order to modify the supramolecular structure of the polymers, the surfaces of the films were
treated under isometric conditions with volatile solvents or their aqueous solutions. Parts of the layers of multilayer films were removed
by cutting with a punching knife using a press or with a manual device for perforating printing materials.

Results. The spectral characteristics of multilayer films of several transparent thermoplastic polymers in polarized light were determined.
The study showed that a wide palette of colors and contrasting images can be obtained by mechanically removing part of the layers
of multilayer films. The phenomenon of pseudo-disappearance of the outermost layer was discovered after treatment of a stack of films
under isometric conditions with volatile solvents or their aqueous solutions.

Conclusions. Based on the example of large-scale production thermoplastics, it was shown that a combination of technological methods
of stacking, perforation, and local plasticization of films of transparent thermoplastic polymers can produce pleochroic multicolor
materials for a range of human activities. The possibility of hidden coding of information on multilayer packaging materials, and its
visualization and instrumental reading in polarized light was confirmed by color differential and contrast of 150 and 60 units, respectively.
It was also shown that several monochrome tones of different lightness and brightness can be obtained by varying the number of layers
or perforating the films in multilayer materials.
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NMpumeHeHue mexcnonHon nepdopaumm n 3aknaaoku
NnPO3paYHbIX 3JIEMEHTOB B TEXHOJIOrMN AyOIMPOBaAHHbIX
AEeKOPaTUBHbIX MOJIMMEPHbIX MJIEHOK
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Mocxoeckuil norumexnuuecxkuti ynugepcumem, Mocxesa, 127008 Poccus
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AHHOTaUus

He.l]b. HccnenoBark TEXHOJIOTHU MHOTOCIIOMHBIX TUICHOK W3 MPO3pavHbIX TEPMOIUIACTUYHBIX ITOJIHUMEPOB, CIIOCOO0BI MO}II/I(bI/IKaL[I/II/I
ux HaZ[MOJIeKyJIS[pHOﬁ CTPYKTYPbI, @ TAK)KXE€ U3Y4YUTh UX ONTHYCCKHUC CBOWCTBa C ITOMOIIBIO ONTHUKO-NIOJIAPU3ALITUOHHBIX METOAOB JIst
HUCIIOJIb30BAHUA MOZ[I/I(bI/IHI/IpoBaHHLIX IJICHOK B Ka4€CTBE ACKOPATUBHBIX U Z[I/ISafIHepCKPIX MarepualioB B COBpeMeHHOfI APXUTEKTYPE.

MeToabl. OObeKTaMU UCCIIEIOBAHNS SBISUTUCE TIPOMBIIITIEHHBIE 00pa3Ilbl INIEHOK MOIUCTUPOIIA, TOIUITHIEHa HU3KOH INIOTHOCTH, T10-
JIUIIPONTIIICHA W TTOTMBUHIIIXIIOpH/IA Pa3InaHbIX npomssoguteneit («lon Ilommmepy, «Bekrop» n «Cnbyp»). OnTuueckue cBoicTBa
TUICHOK MCCIIEIOBAIIN C TOMOIIBIO CIIEKTPO(GOTOMEPHH B MOISIPU30BAHHOM IIOTOKE CBeTa. JJyist Mo HUKanny HaAMOIEKYISIPHOH CTPyK-
TYpBI TIOJIMMEPOB MOBEPXHOCTH INICHOK 00padaThIBAIN B N30METPUUCCKHUX YCIOBUSIX JISTYYHMH PAaCTBOPUTENISIMH MM UX BOTHBIMH pac-
TBOpamu. YacTy c10eB MHOTOCIIOHHBIX TUICHOK YaJsUTH BBICEUKOH MITAHI[EBEIM HOXOM C IIOMOIIBIO MIPECcca MM PYYHBIM yCTPOHCTBOM
Jutst Iepoparuy MoIuTpadUIeckuX MaTepraoB.

Pe3yabrarsl. [lomydeHsl ClIeKTpanbHbIe XapaKTEPUCTUKH MHOTOCIOWHBIX MJIEHOK W3 HECKONBKUX MPO3PAYHBIX TEPMOIIITACTUYHBIX T10-
JFIMEPOB B MOSIPU30BaHHOM MOTOKE cBeTa. [Toka3aHbI BO3MOKHOCTH MOITyYEHHS IIMPOKON MATHTPHI IIBETOB M KOHTPACTHBIX H300paxe-
HUI MEXaHIMYECKNM YJaJeHHEM YacTH CII0€B MHOTOCIONHBIX MIeHOK. OOHapyxkeH 2(Q(EeKT «IICEBIONCUE3HOBEHH» BHEITHETO CIIOS IPH
00paboTKe MakeTa MIEHOK B H30METPHUECKUX YCIOBUSIX JIETYINMH PACTBOPUTEISIMH HIIH UX BOTHBIMH PACTBOPAMH.

BoiBoabl. Ha npumepe KpyIMHOTOHHAKHBIX TEPMOILIACTOB MOKA3aHO, YTO COYETAaHUEM TEXHOIOIMYECKUX NPHeMOB cOOpkH, epdopupo-
BaHMUS Y JOKAJIbHOMN MIACTU(HKAIMY TIIEHOK U3 NMPO3PAYHBIX TEPMOIIACTUYHBIX MTOJMMEPOB MOXKHO PEIaTh 3aJa4l CO3AaHHUs MHOTO-
L[BETHBIX MaTEPUAJIOB C 3P (HEKTOM MICOXPOH3Ma VIS Pa3IMYHBIX Chep AeATEeNbHOCTH YelnoBeKa. BO3MOKHOCTb CKPBITOTO KOJMPOBAHUS
nH(OpManny Ha MHOTOCIIOWHBIX YTTAKOBOUHBIX MaTepHanax, € BU3yalu3alul U HHCTPYMEHTAIbHOTO CUUTBIBAHUS B TOMSIPH30BAHHOM
CBETE MOATBEPIKAEHA JOCTATOYHBIM I[BETOBBIM OTIMYMEM M KOHTpacToM B 150 n 60 exununIr coorBeTcTBeHHO. Iloka3aHa BO3MOKHOCTD
TIOJTyYeHHUSI HECKOJIBKUX MOHOXPOMHBIX TOHOB Pa3IMYHON CBETIOTHI M IPKOCTU BAPbHUPOBAHNEM YHCIIA CIIOEB MM TTepopalueii mieHok

B MHOTOCJIOMHBIX Marepuaiax.

Kniouyesbie cnoea

Anga yuuTupoBaHusa

JIBOMHOE JIy4enperoMIeHHe, MHTepEPeHIIMOHHOE N300pakeHne, Moau(uKarys,
TepMOYCa0YHbIE MIIEHKH, BHYTPEHHUE HANPSKEHNUsI, HAAMONEKYIISIpHas CTPYKTypa

MocTtynuna: 28.02.2023
Aopa6oTaHa: 27.12.2023
MpuHara B neyatb: 21.06.2024

Huxonae A.A., Konnparos A.Il. [Ipumenenne MexcioitHol nepdopaliyy 1 3aKiIa ki MPO3paYHbIX MIEMEHTOB B TEXHOJIOTHHU JyOIHpO-
BaHHBIX JICKOPATUBHBIX TOJUMEPHBIX TUICHOK. Tonkue xumuueckue mexronocuu. 2024;19(4):350-359. https://doi.org/10.32362/2410-6593-

2024-19-4-350-359

INTRODUCTION

Established optical phenomena in polarized light in the
form of a bright color of alternating stripes in transparent
polymer bodies when under mechanical stresses enable their
destruction to be predicted. They also enable the permissible
level of load during operation to be monitored [1-2].
This practically important and effective method of non-
destructive testing and mechanical testing of models
constructed from transparent materials is used in the design
of complex machine parts and building structures. Another

important application of optical color effects in polarized
light in transparent polymers is hidden packaging marking
technology [3]. The creation of colored labels, multilayer
labels, and other elements of original polymer products can
also provide protection from counterfeiting. The advantages
of such technologies include the creation of eye-catching
color effects on products and packaging without the use of
toxic dyes and pigments, the possibility of recycling used
products and packaging made of thermoplastic polymer
materials, as well as the production of feedstock (large-scale
production polymers) [4].
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Colors resulting from the interaction of light with
spatially ordered or quasi-amorphous nanostructures or
microstructures are called structural colors [5]. Such
colors are widely found in nature in a range of insects,
plants, and animals [6, 7]. Structural colors with a wide
range of shades also appear in transparent polymer films
with a high level of internal stress when polarized light
passes through them. The heat sensitivity of the structural
color of films of large-scale production thermoplastics is
very specific. It depends on the presence of low-molecular
ingredients in them and the features of the film formation
technology. This may slightly increase their cost, but
significantly expands the scope of application [8].

Internal stresses in polymer products and films are a
natural consequence of their production technology [9].
Thin polymer films are produced by the extrusion and jet
drawing of a melt. This is followed by the orientation of an
elastic preform, during which internal stresses in the film are
frozen. This procedure creates one-dimensional anisotropic
shrink labels and biaxially oriented films of thermoplastics:
polypropylene, polyethylene, polyvinyl chloride, and
polyamides [10, 11]. The combination and duplication of
these materials opens up new possibilities for their practical
application in a range of industries and construction.
A further factor is the variety of optical phenomena [12]
caused by refraction, reflection, polarization, and
interference of natural daylight and artificial light, as a
combination of multiphase electromagnetic radiation [13].

The intensity of white light after passing through
the polarizer—stressed structures—polarizer transparent
system can be determined by the following expression:

()
I =sin? 2(1le sin? 77‘,

where / is the light intensity, a is the angle between the
polarization axis and the vector of the incident light, 7, is
the light intensity of the wavelength from the spectrum,
and @, is the difference in the wavelength path from the
radiation spectrum [1].

The phase difference of light-emitting and
light-reflecting objects at the point of observation
through the film depends on internal stresses and causes
the phenomenon of pleochroism, i.e., the dependence
of their color on their relative position relative to the
radiation source and the observer. The use of pleochroism
was proposed, in order to create new methods for
protecting products made of transparent polymers from
counterfeiting and for identifying original products by
packaging, as well as to produce decorative light panels
and transparent interior design elements [14, 15].

I https://www.argyllems.com/. Accessed February 8, 2023.

2

The purpose of this work was to investigate methods
for controlling pleochroism in multilayer polymer
materials made of thermoplastic polymers by varying
the polymer used and treatment method and to justify
the possibility of using them for the hidden recording of
information by bar coding.

EXPERIMENTAL

Industrial samples of colorless transparent shrink films
made of thermoplastic carbon-chain polymers produced
in Russia were the objects of the study. They are low-
density polyethylene with a thickness of 50 + 2 um,
Biaxplen HGPL polypropylene 30 + 1.5 pm thick
(Sibur-Biaksplen, Russia), polyvinyl chloride 50 £ 2 pm
thick (Don-Polimer, Russia), and polystyrene 60 £+ 2 um
thick (Vektor, Russia).

Birefringence experiments were carried out on a
laboratory setup (Fig. 1) designed for photography and
optical measurements in transmitted polarized light. The
radiation source was a light-emitting diode (LED) strip
with a color temperature of the transmitted light flux
(6500 K) and a nonlinear spectral characteristic (Fig. 2).
The LED strip was mounted around the perimeter of a
sealed box with a transparent window made of silicate
glass, on which a film linear polarizer (Nitto Denko,
Japan) was placed. After passing through the polarizer
and the analyzer in a crossed position, the radiation
spectrum can be considered to be either monotonic or
linear [1, 13] (Fig. 2).

The spectral characteristics of the radiation source,
polarizing films, and stacks of shrink films before and
after external influences were determined using an
X-Rite i1Pro spectrophotometer (X-Rite Inc., USA).
The spotread command line tool from the ArgylICMS
software!, version 2.3.0, was used. The measurements
were made in the “high-resolution” mode (measurement
step 3.333 nm). The radiation characteristics and the
color of the transmitted light were recorded in units of
spectral radiance: watt per steradian per square meter per
nanometer (mW/(sr-m?nm)). The spectrophotometer
was also used to evaluate the contrast of images visible
in polarized light and to determine the CIELab? color
coordinates used to calculate the color difference AE

AE, = (L — L)? + (a5 —a})* + (b —bY)?,
where L* is lightness, a* are red—green coordinates, and
b* are yellow—blue coordinates.

Based on the spectral transmittances of different areas
of the multilayer films, color coordinates were calculated

CIELab is a color space defined by the International Commission on Illumination (CIE) in 1976.
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1

d j
%KL
X X XK /_6

Fig. 1. Schematic of a setup for measuring the spectral
characteristics of film samples: (/) spectrophotometer,

(2) a film sample or a stack of films (Stoletov’s stack),

(3) movable polarizer, (4) fixed polarizer, (5) LED strip around
the perimeter of the camera, and (6) sealed chamber

2

in the XYZ space, where Y is the luminance component.
Then, from one Y, value, the Y, value for the adjacent
area was subtracted, in order to give the symbol contrast.

The internal stresses in samples of polymer films
were altered by plasticization through local treatment
with active solvents and their aqueous solutions
(tetrahydrofuran, acetone, methylformamide, Russia).
Heat treatment was performed in laboratory-scale
apparatuses for welding polymer films of various
designs [16].

The color effects were visually recorded using a
Nikon D7000 camera (Nikon, Japan).

From the selected polymer materials, films were
arranged in Stoletov’s stacks. This also involved
the cutting of part of the layers or the addition of flat
transparent elements using both monopolymer films or a
combination of films of different thermoplastics.

RESULTS AND DISCUSSION

In order to obtain and quantify pleochroism, film samples
were cut into strips of various lengths and 30 mm wide
along (or across) the winding direction of the roll and
stacked on top of each other in Stoletov stacks. From 2 to
14 layers were used, in order to prepare a stack of films.
The stacking of more layers of film significantly reduces
the intensity of transmitted light and the accuracy of
measurements [12].

The maximum rainbow effect was seen on films of
amorphous glassy polymers: polyvinyl chloride and
polystyrene. Films of elastic crystallizable polymers
produced color palettes with were less bright and less
multicolor. The lower level of brightness of the colors
in polyethylene stacks is apparently due to decreasing
the level of internal stress in the materials because of
relaxation during storage. Table 1 indicates the original

15.0
12.54
10.0 1

mW/(sr m2nm)
W ~
o
o

Spectral radiance,

N
9

400 450 500 550 600 650 700
Wavelength A, nm

Fig. 2. Spectral radiances of the LED strip: (/) light spectrum
of the radiation source, (2) light spectrum through two linear
polarizers with mutually parallel polarization axes, and

(3) light spectrum through two linear polarizers with mutually
perpendicular polarization axes

color when observed at a right angle, the order of color
changes and changes in the lightness of shades, the
frequency of occurrence and alternation of the color
gamut for each polymer and film stack. For polyvinyl
chloride and polystyrene films, color and lightness are
repeated every 2-3 layers. In low-density polyethylene
and polypropylene film stacks, color is repeated in every
other layer.

For the purposes of the practical application of the
results of the spectrophotometry of multilayer films of all
the polymers studied, Fig. 3 indicates points with color
coordinates in the color diagram (Fig. 3).

Active solvents which cause plasticization of polymers
and a decrease in internal stresses in films affect the color
palette of a stack of films of amorphous glassy polymers:
polyvinyl chloride and polystyrene. The reason for the
change in color of the film stack in polarized light is due
to a change in the internal stresses of these polymers due
to plasticization [17]. Even short-term (several minutes)
exposure of the film surface to a solvent led to a noticeable
local change in the color of the film stack (Fig. 4). In
the case of multilayer samples, in the areas of contact
between the film and the liquid, the colors of adjacent
internal layers appear under the outermost layer which
absorbs a certain amount of solvent. This phenomenon
can be called pseudo-disappearance of the outermost
layer of the multilayer film. After the solvent evaporates,
this local optical effect persists for a long time, indicating
an irreversible decrease in internal stresses.

The effect of solvents on the film color can be used
in the technology of special liquid-sensitive materials
for security printing. One of the methods of operational
visual control is wetting the surface of prints on special
water and fluid-sensitive materials with test liquids or
solutions. This can be used to verify the authenticity of
banknotes and documents [18].

It is reasonable to assume that the transillumination
of a film stack causes no changes in the outermost layer
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Table 1. Film colors when observed at a right angle

Polymer

Color palette

Polyvinyl chloride

Polystyrene

Low-density
polyethylene

Polypropylene

0.8

0.6

S04
o
0.2
0.0
0.0 0.2 0.4 0.6 0.8
CIEx

Fig. 3. Positions of colors of a polyvinyl chloride film stack
on the CIExy chromaticity diagram: (/) Adobe RGB (1998)
color gamut and (2) sRGB color gamut

of the film in the direction and phases of the light beam.
This is due to the absence of film in this place. This
phenomenon is known as pseudo-disappearance of the
outermost layer from the stack of transparent films. Since
the transmission of polarized light through a medium
with internal stresses gives rise to an interference
pattern, after contact with the solvent, there are either no
internal stresses in the film, or their level is significantly
reduced to such an extent that it is insufficient to change
the characteristics of the transmitted light. In order to
confirm this assumption about the physical essence of

Fig. 4. Exposure of a PVC film to the solvent in areas a. The
numbers 1-10 show the number of layers in ascending order

Fig. 5. Short-term local exposure of a film to solvent in areas a
and cutting of one layer of film in areas b

the phenomenon of pseudo-disappearance, fragments of
films inside and on the surface in different layers were
specially cut out in a multilayer stack near the place where
a drop of plasticizing liquid was applied. Transmitted
polarized light from the film stack with perforated layers
led to the same effect as exposure of the film to a volatile
solvent (plasticizer).

The perforation of films has an important technological
and operational advantage over treatment with solvent.
It is not only the outer layers of films of multilayer
materials that can be perforated (or not to any significant
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Table 2. Color difference between adjacent layers

Material of polymer film Color difference, . Layers

Polystyrene 150 Between layer 10 and layer 5

Polyvinyl chloride 126 Between layer 8 and layer 6
Between layer 10 and layer 8

Polypropylene 125 Between layer 4 and layer 3

Low-density polyethylene 117 Between layer 9 and layer 8

Table 3. Contrasts of gradient color areas of a polyethylene film
Compared areas of multilayer stack 1-3 1-5 3-5 2-4 2-6 4-6 7-9
Contrast 44 48 12 29 23 9 11

extent), but also any inner ones. When the inner layers
are perforated, the multilayer material with an image or
text hidden from the naked eye will have a higher degree
of strength and a higher resistance to external influences
when used, e.g., as commercial packaging.

For the practical application of this effect, it is
necessary to determine between which layers part of the
film should be removed, in order to obtain the maximum
color difference between adjacent areas. For quantitative
assessment, the CIE76 color difference formula was
used [3]. For each of the films, the maximum values of
color difference and the number of layers at which it
occurs were identified (Table 2).

Such indicators of color difference are many times
greater than the threshold value distinguishable by the
human eye: AE =~ 2-3 [12]. These quantitative estimates
are confirmed visually, since the lightness or brightness
curves of these colors are different. In order to resolve the
problems of hidden marking of multilayer films intended
for packaging and protection against counterfeiting of
expensive original products [12, 18], the most important
factor is to compare the color indicators between shades
of the same color. For example, in the case of low-
density polyethylene films with repeating colors, a table
of contrasts of areas of a multilayer film of the same
spectral color, but different tones (gradient color), was
compiled (Table 3).

The colors of such areas of the film appear identical,
but their color difference AE is many times greater than
the resolution of the human eye. This color difference

was determined for all polymer materials studied in this
work. The presence of several shades of the same color
in materials made of one polymer, but with a different
number of layers, expands the artistic possibilities for
creating a tone image.

Another important characteristic of multilayer films
intended for marking is the contrast of adjacent areas of
the film with different numbers of layers or cut locations.
Image contrast is a quantity different from the color
difference which shows the difference between two
parameters [19].

For the film stacks under consideration and
collected in Stoletov’s stack (Fig. 3), the contrast was
calculated (Table 4).

It can be noted (Fig. 6) that for the majority of the
studied polymer films, maximum contrast occurs in the
stack between layer 1 and layer 2. This is very important
for use in the production of two-layer materials with
high-contrast protective elements. It can be seen that the
contrast of adjacent areas in multilayer films decreases
as the number of layers increases (Fig. 6). Among
the films studied, the level of contrast is maximum in
Biaxplen HGPL polypropylene film (Biaxplen, Russia)
intended for packaging food and dietary products for
children.

CONCLUSIONS

Based on the example of Ilarge-scale production
thermoplastics, the study showed that a combination
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Table 4. Maximum contrast values of adjacent areas

Material of polymer film Contrast, Layers

Low-density polyethylene 44 Between layer 1 and layer 2
Polystyrene 46 Between layer 10 and layer 3
Polyvinyl chloride 57 Between layer 1 and layer 2
Polypropylene 63 Between layer 1 and layer 2

709 ; with volatile liquid solvents or plasticizers. The decrease

60 1 in the level of internal stresses in the outer layers of

50 1 3 duplicated polymer materials comprising N films after

g 40 exposure to plasticizers, thus causing a change in the

é 30 A color of the film stack in polarized light to the color of

20 - materials comprising N — 1 layers of films, is referred to

10 - as pseudo-disappearance of the outermost layer. It forms

0 . the basis of a new technological method in production of

I 2 3 4 5 6 7 8 9 10
Number of layer in stack from top to bottom

Fig. 6. Color contrast of adjacent layers in films
of thermoplastic polymers: (/) polypropylene, (2) polystyrene,
(3) polyvinyl chloride, and (4) polyethylene

of technological methods of stacking, perforating, and
plasticizing films of transparent thermoplastic polymers
can produce colored materials for use in various human
activities: architecture and construction for creating
stained glass and multicolor theatrical scenery; in the
production of multilayer light filters; and in retail trade
for the coding and protection of product packaging
from counterfeiting. Multilayer polymer materials
which change color in polarized light depending on the
location of the polarizers, the direction of the transmitted
light, and the position of the observer (pleochroism)
are structured from films of glassy amorphous and
amorphous—crystalline polymers with a high level of
internal stress. Changing the level of internal stresses in
films without changing their overall dimensions can be
achieved by treating the outer layers of polymer films

decorative polymer materials and artistic works.

The pseudo-disappearance of the outermost layer
and the perforation of the inner layers cause a significant
color difference and contrast of adjacent areas of the
film stack, reaching 150 and 60 units respectively. These
contrast values are sufficient for the hidden barcoding of
transparent product packaging, identifiable in polarized
light.
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Abstract

Objectives. To investigate the protective efficacy of unreduced and reduced forms of the condensation product of D,L-camphor and
p-ethoxyaniline in nitrile butadiene rubber formulations when compared with the conventional stabilizer N-isopropyl-N'-phenyl-
p-phenylenediamine aged under laboratory and in situ climatic conditions in the tropics.

Methods. The thermostabilizing effect of the condensation product of D,L-camphor and p-ethoxyaniline was evaluated by means
of infrared spectroscopy using the dynamics of changes in the absorption bands of carbonyl and hydroxyl groups. The features of rubber
vulcanization were studied by means of rotorless rheometry. Changes in the physical and mechanical properties of rubbers and degree
of cross-linking were evaluated after thermo-oxidative aging in laboratory conditions. They also took into account the results of long-
term exposure of samples in undeformed and deformed state in a tropical climate, taking into account meteorological data of the Can Gio
climatic testing station.

Results. It was found for the first time that condensation products of D,L-camphor and p-ethoxyaniline exhibit a stabilizing effect
in formulations of rubbers based on polar nitrile butadiene rubber.

Conclusions. According to the results of laboratory and in situ tests, the study established that the use of N-[(1RS,2RS)-camphan-2-yl]-
4-ethoxyaniline (reduced form) as an antifatigue agent is preferable. This is due to the presence of a mobile hydrogen atom at the nitrogen
atom. The protective effect is manifested in terms of the better preservation of elastic-strength properties of rubbers with less change
in hardness.
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AHHOTaUus

Hean. Vccnenosars 3(h(heKTUBHOCTS 3aIUTHOTO JEHCTBUSI HEBOCCTAHOBIEHHOW M BOCCTAHOBIEHHOW (hOPM NPOAYKTa KOHJCHCAIINH
D,L-xamdops! U n-3TOKCHAaHWINHA B PELENITYPax pe3uH Ha OCHOBE OyTaJANCH-HUTPHIBHBIX KaydyKOB B CPAaBHEHHH C TPAANUIMOHHBIM
crabunmzaropoM N-u3onponui-N'-QeHu-#-peHIIeHANaMIHOM, COCTAPEHHBIX B TAOOPAaTOPHBIX M HATYPHBIX KIMMAaTHYECKUX YCIIOBH-
SIX TPOITHKOB.

MeTtoasbl. OICHKY TepMOCTAOMIU3UPYIOMIETO BIUSHUS NPOAYKTa KoHAeHcamuu D,L-kaMpopsl U 7-3TOKCHaHWINHA IPOBOAMIN METO-
oM UH(PaAKPACHOH CIIEKTPOCKONUH 110 TUHAMUKE M3MEHEHHUS TI0JIOC TMOTTIOUICHUS KapOOHMIBHBIX M THIPOKCHIBHBIX Tpymil. OcobeH-
HOCTH BYJIKaHH3aLUH PE3UH U3ydalld METOJOM 0e3pOTOpHOU peomeTpuu. Vi3MeHeHne pU3nKo-MeXaHHUECKUX CBOMCTB PE3HH U CTCTICHU
MIOTIEPEYHOT0 CIIMBAHUS OLICHUBAIH MOCIIE TEPMOOKUCIUTEIBHOTO CTaPEHHS B Ta0OPATOPHBIX YCIOBUSX, a TAKXKE IO pe3yJIbTaTaM JUIH-
TEIBHOU IKCTIO3UIHU 00pasLoB B HEACPOPMUPOBAHHOM H 1€(POPMUPOBAHHOM COCTOSHHAX B TPOIMUYECKOM KIMMATe C y4ETOM METEO-
JTaHHBIX KJIMMAaTHYECKOMN MCIbITaTeIbHON cTannun Kon 30.

Pe3yabTaThl. Bniepsbie ycTaHOBIIEHO, UTO MPOAYKTHI KoHAeHcanuu D,L-kaMdops! 1 n-3TOKCHaHUIINHA MPOSBIAIOT CTAOUIN3UPYIOIIEe
JIeWCTBUE B PELIENTYPaxX PE3UH Ha OCHOBE MOJSIPHOTO OyTaJANeH-HUTPUIBHOTO KaydTyKa.

BeiBonpbl. [1o pesynsraram 1ab0opaTopHbIX M HATYPHBIX UCIIBITAHUI BBISIBICHO, YTO B KAYECTBE MPOTUBOCTAPUTEISI HaHOOIIee Mpe/Inoy-
TUTENBHO Kcnoib3oBaHue N-[(1RS,2RS)-kamdan-2-ui]-4-3TokcHaHmIMHa (BOCCTaHOBICHHAs! (opMa), YTO CBSI3aHO C HAJTMYHMEM MOJI-
BIDKHOTO aToMa BOJOpPO/a MPU aToMe a30Ta. 3aIlUTHBII 3(Q(GEKT MPOosIBISETCS B Jy4IlIeM COXPAaHEHHUH YIPYro-IPOYHOCTHBIX CBOWCTB
PE3UH IIPU MEHBIIEM U3MEHEHUH TBEPAOCTH.

27.11.2023
Oopab6oTaHa: 01.02.2024
MpuHgara B neyatb: 25.06.2024

Kniouesblie cnoBa MocTtynuna:

npoAyKT KoHAeHcamu D,L-kaMpopbl U 7-3TOKCHAHWINHA, Oy TaAnCH-HUTPHUIbHBIN
Kay4yK, IPOTHBOCTAPUTEIIb, IKCIIO3UIUS B TPOIIUYECKOM KIIMMATe

Ana uunTUpoBaHuga

Humnnun JI.A., Banne M.A., Bepauropa A.A., daBugenko A.B., Cambiknr H.A., Txyu Jaur Muns, ['youn C.I., HoBakoB M.A.
N-[(1RS)-Kampan-2-nnmpeH|-4-3TOKCHAaHWIMH W TIPOAYKT €ro BOCCTAHOBJICHHS KaK CTaOMIM3aTOPbl OyTaJNEeH-HUTPHIBHBIX PE3HH.
Tonxue xumuueckue mexronoeuu. 2024;19(4):360-371. https://doi.org/10.32362/2410-6593-2024-19-4-360-371

INTRODUCTION

Rubbers based on nitrile butadiene rubber (NBR) are
most common in the manufacture of oil and gas resistant
rubber products. However, NBR-based rubbers are prone
to structuring under conditions of high temperatures due
to the presence of acrylonitrile links in macromolecules.
Due to the relatively high unsaturated nature of
macromolecules, the materials possess insufficient
resistance to various types of aging [1]. Altogether, this
leads to an increase in hardness, loss of elasticity and
deterioration of rubber properties in general [2].

In order to resolve this problem, stabilizers of different
nature are used. The most widely used as thermostabilizers
are spatially hindered amines, for example, N-phenyl-
N'-isopropyl-n-phenylenediamine (Diafen FP, IPPD);
oligomer  of  2,24-trimethyl-1,2-dihydroquinoline
(Acetonanil P); N-phenyl-2-naphthalenamine (Naftam-2);
N,N'-diphenyl-n-phenylenediamine (Diafen FF), etc. [3].
At the same time, the above-listed amines do not fully
meet modern sanitary and hygienic standards. It should
also be noted that the protective effect of their use is
insufficient, especially under conditions of complex
influence of climatic factors on rubber.
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Table 1. Structural formulas and codes of substances used in rubber formulations

Structural formula

Name of substance

Code of substance

N
QL
HyC OC,H;

N-[(1RS)-Camphan-2-ylidene]-4-ethoxyaniline Product I
(1RS)
CH,4
NH
H;C N-[(1RS)-Camphan-2-yl]-4-ethoxyaniline Product IT
OC,H;
(IRS, 2RS)

NH
SRS
NHJ\CH3

N-Isopropyl-N'-phenyl-p-phenylene diamine (IPPD)

IPPD (comparison sample)

This determines the need to search for new effective
and low-toxic stabilizers. The condensation products of
camphor and aniline and their reduction products are of
considerable interest in this respect. The first information
on the use of substances obtained by the interaction of
camphor with aromatic amines in the formulation of
natural rubber-based rubbers is provided in US patent
No. 2211629 [4]. The synthesis of new compounds of
this type is described in [5-8]. Furthermore, there is data
on the possibility of using camphor anilines and their
reduction products as antimicrobial [9] and antiviral
medical preparations [10].

Earlier in [11], we investigated the effect of
N-[(1RS)-camphan-2-ylidene]-2-methylaniline,
N-[(1RS)-camphan-2-ylidene]-2-ethylaniline and
N-[(1RS)-camphan-2-ylidene]aniline on the properties
of NBR-based rubbers, including the evaluation of
their efficiency as thermal stabilizers. At the same
time, a pronounced stabilizing protective effect was
not revealed, due to the absence of a hydrogen atom at
the nitrogen atom in the unreduced form of camphor
anilines [12]. Taking this circumstance into account,
the reduced form of N-[(1RS)-camphan-2-ylidene]-4-
ethoxyaniline was synthesized.

The aim of this study was to evaluate the
protective effect of the unreduced and reduced form
of the condensation product of D,L-camphor and
n-ethoxyaniline in BPA-based rubber formulations,
when compared to the conventional stabilizer
N-isopropyl-N'-phenyl-n-phenylenediamine aged

1

under laboratory and in situ climatic conditions in the
tropics.

MATERIALS AND METHODS

NBR vulcanizates of BNKS-40 AMS grade with
mass fraction of bound acrylic acid nitrile 36-40%
(TU 38.30313-2006) were used as objects of the study.
An effective vulcanizing system including sulfur donors
thiuram D and dithiomorpholine (China) was used for
vulcanization. Table 1 presents the structural formulas of
the D,L-camphor aniline used and its reduction product
synthesized by the authors of this paper. The other
ingredients of rubber compounds are given in Table 2.

The following compounds were used as antifatigue
agents of rubber mixtures: N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline (I), N-[(1RS,2RS)-camphan-2-
yl]-4-ethoxyaniline (II), obtained according to known
methods [6, 7]. Diafen FP (Russia) was also used
as a substance of comparison. The content of basic
substances was >98.5%. The synthesis of functionalized
D,L-camphor derivatives was carried out according to
Scheme 1.

Laboratory rollers Lb 320/160/160 (POLYMERMASH,
Russia) were used to produce the blends. Rubber without
a stabilizing agent is hereinafter referred to as base
rubber.

Vulcanization characteristics were studied using an
MDR 3000 Professional rotorless rheometer (MonTech,
Germany) in accordance with GOST 34751-2021.

GOST 34751-2021. Interstate Standard. Rubber mixtures. Determination of vulcanization characteristics using rotorless rheometers. Moscow: Russian

Institute of Standardization; 2021. https://docs.cntd.ru/document/1200181424?ysclid=lteg4izk40725865149. Accessed November 06, 2023.
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Table 2. Rubber formulations
Formulation code
Component 0* I II IPPD
Ingredient content, parts by wt
Nitrile butadiene rubber BNKS-40 AMN 100 100 100 100
Carbon black P-234 40 40 40 40
Carbon black P-803 20 20 20 20
Tetramethylthiuram disulfide 2.5 2.5 2.5 2.5
Dithiodimorpholine 1.5 1.5 1.5 1.5
Sulfenamide C (N-cyclohexyl-2-benzothiazole-sulfenamide, CBS) 1.5 1.5 1.5 1.5
Product I - 2 - -
Product IT - - 2 -
IPPD - - - 2
ZnO 5 5 5 5
Stearic acid 1.5 1.5 1.5 1.5
*0—rubber compound without anti-fatigue agent.
CH, CH;
_0 N
H;C = 4-OEtC (H,NH, _ H;C! 4 NaBH ,,NiCl,-6H,0
H;5C (iPrO),Ti(OTH), - (-ProH),  H3C OC LI EtOH -
) . t=-30°C
(D,L) (=PrO),Ti (D,L) 2555
I
CHj,
NH
B — H3C 3
H;C
OC ,Hj;
(D,L)
I
| Scheme 1. Synthesis of functionalized D,L-camphor derivatives
In situ tests of rubber samples at the Can Gio samples in the form of strips with the help of
testing station (Ho Chi Minh City, Vietnam) were clamps, as well as standard plates in their regular

carried out according to GOST 9.0662 on deformed state.

2 GOST 9.066. State Standard of the USSR. Unified system of corrosion and ageing protection. Vulcanized rubbers. Method of ageing

resistance testing under weather conditions. Moscow: Izdatel’stvo standartov; 1994. https://docs.cntd.ru/document/1200015036?ysclid=Iteg68
jel7692111363. Accessed November 06, 2023.
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The physical and mechanical properties of the samples
were determined in accordance with GOST 270-75°
on a 5.0 kN Zwicki-line testing machine (Zwick/Roell,
Germany). The hardness of rubbers was measured
according to GOST 263-75% The assessment of the
resistance of rubbers to thermal aging in air environment
was carried out in accordance with GOST 9.024-74°.
Cross-linking density was determined according to the
equilibrium swelling method [13].

The study of spectral characteristics in the infrared
(IR) range was carried out using an FT-801 Simex
IR Fourier spectrometer with a universal attachment
of frustrated total internal reflection (FTIR) (Simex,
Russia), equipped with a diamond element. The spectra
obtained were processed in ZalR 3.5 software®.

RESULTS AND DISCUSSION

The features of thermo-oxidative aging of NBR films were
preliminarily studied by means of IR spectroscopy in the
range of 800-4000 cm™!. The rubber was purified from
the anti-fatigue agent by re-precipitation using 3% toluene
solution with methyl alcohol with further drying until the
solvent was completely removed. Products I, I, and IPPD
were added to a 10% solution of rubber in toluene in an
amount of 0.25 wt % per rubber. After removing the solvent
and drying to constant weight, film samples of about
100 pum thickness were subjected to aging in a thermal

20

cabinet at 100°C. After a certain time, the IR spectrum
was determined using an FTIR attachment with a diamond
crystal. The process was monitored by the change in the
absorption bands at 1720 and 3615 cm™! corresponding to
carbonyl (-C=0) and hydroxyl (~OH) groups. The results
are presented in Figs. 1 and 2.

The dependencies presented in Figs. 1 and 2 show the
dynamics of carbonyl and hydroxyl group accumulation,
indicating that in the presence of product II and IPPD,
the oxidative process develops more slowly. Thus, their
effectiveness as anti-fatigue agents were tentatively
established.

Figure 3 and Table 3 present the results of rheometric
studies characterizing the features of rubber vulcanization
depending on the type of the used substance.

As can be seen from the results of evaluating the
vulcanization characteristics of rubbers, the addition
of IPPD has almost no effect on the sub-vulcanization
time (t ). In turn, the addition of N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline and N-[(1RS,2RS)-camphan-
2-yl]-4-ethoxyaniline leads to an increase in the sub-
vulcanization time from 2.2 min to 3.2 and 3.7 min,
respectively. It can be concluded from the slope angle
of the rheometric curves that the process rate in the
presence of IPPD and products I and II slightly decreases
due to the inhibition of radical reactions occurring
during vulcanization. It can also be observed that in the
presence of these substances the values of maximum

30 40 50

Time, h

-0 A1

I IPPD

Fig. 1. Dynamics of change of intensity of absorption band 1720 cm™!(-C=0)

GOST 270-75. Interstate Standard. Rubber. Method for determining elastic-strength properties under tension. Moscow: IPK Izdatel’stvo

standartov; 2008. https://docs.cntd.ru/document/1200018619?ysclid=lteg818rc7736832141. Accessed October 12, 2023.

4 GOST 263-75. State Standard of the USSR. Rubber. Method for determination of Shore A hardness. Moscow: Izdatel’stvo standartov; 1989.
https://docs.cntd.ru/document/1200018610?ysclid=Iteg99zuym336475224. Accessed October 12, 2023.

5 GOST 9.024-74. State Standard of the USSR. Unified system of corrosion and ageing protection. Rubbers. Methods of heat ageing stability de-
termination. Moscow: IPK Izdatel’stvo standartov; 1994. https://docs.cntd.ru/document/1200015022?ysclid=Itegb6r6k1786947653. Accessed

September 07, 2023.

6 https://old.simex-ftir.ru/product_5.html. Accessed September 07, 2023.
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Fig. 2. Dynamics of change of intensity of absorption band 3615 cm™!(—~OH)
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| Fig. 3. Rheometric curves of vulcanization (7= 150°C) of BNKS-40AMN based rubbers

torque are about 3 torque units lower when compared
to the base formulation. This indicates a slightly lower
degree of crosslinking of these rubbers. Based on these
studies, and taking into account the Ty, index (time
required to reach 90% of full vulcanization), rubber
samples were produced for further laboratory and
climatic tests under tropical conditions.

Table 3. Rheometric data of rubber compounds (7= 150°C)

Table 4 shows the results of evaluating the physical
and mechanical properties of the rubbers, as well as the
level of change in the parameters after laboratory aging
at 125°C for 72 h.

Table 5 presents meteorological data for 8 months
of natural exposure in the territory of the Can Gio test
climatic station.

Code T, Min Tgg> Min Minimum torque, dN'm | Maximum torque, dN-m
0 2.2 11.4 1.9 31.8

IPPD 2.3 14.5 2.0 28.9
I 33 17.4 2.0 28.9
II 3.7 18.0 2.0 28.1

Note: 1 is the sub-vulcanization time; 1, is the time required to reach 90% vulcanization.
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Table 4. Comparative data on the initial properties of rubbers and aged rubbers under laboratory and in situ climatic conditions in the

tropics
Rubber code 0 I 1I IPPD
Conditional tensile strength, MPa 26.3 25.4 26.2 26.1
Relative elongation at break, % 373 352 364 369
Hardness, Shore A units 74 74 74 74
Degree of cross-linking v x 1074, mol/cm? 8.2 8.1 7.8 8.1
Change of properties of rubbers after aging at 125°C, 72 h
Change in conditional tensile strength, % =37 -15 =5 -3
Change in relative elongation at break, % =51 —43 -31 —28
Change in hardness, Shore A units +8 +4 +4 +4
Degree of cross-linking v x 107#, mol/cm?3 10.3 9.6 9.3 9.2
Changes in properties after 8 months of exposure in tropical climates
Change in conditional tensile strength, % -29 —-18 -6 —-11
Change in relative elongation at break, % -29 —26 —-11 -19
Change in hardness, Shore A units +6 +4 +3 +3
Degree of cross-linking v x 1074, mol/cm? 9.5 9.4 9.1 9.0
Table 5. Meteorological data at the Can Gio climatic testing station for 2022*
Air temperature, °C Air humidity, % E
=
g =
% i; g E‘ % ig =i .5
= 2 2 = 2 2 = B
Month g < 2 g < 2 = ?j
% g : % s g g E
g £ £ g £ & £ 3
> K= § > k= c>§ <
z S g Z S < £
=
March 30.3 26.1 35.7 69.6 37.3 85.7 - 680
April 31.6 25.7 36.7 72.7 43.6 96.0 173.7 624
May 32.0 27.0 37.8 72.1 48.0 85.8 87.4 362
June 30.1 24.0 38.7 76.3 49.0 94.5 136.2 513
July 29.6 22.0 38.7 76.0 50.0 92.0 210.1 438
August 30.3 24.0 37.6 77.1 43.0 94.1 96.8 306
September 30.1 24.0 36.7 76.6 53.0 91.0 287.0 391
October 29.3 24.0 36.9 79.9 57.6 90.0 246.5 392
Cumulative* = = = = = = 633.3 3706

* 8 months of exposure data.
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Table 6. Results of climatic tests of rubber samples in deformed state (tensile)
Rubber code 0 I 11 IPPD
Time of appearance Deformation 10% 2 5 7 8
of the first cracks
on the surface, days Deformation 20% 1 4 2 4

Deformation 10%

Surface photos
of rubber strips after

8 months of exposure
in a tropical climate

Deformation 20%

The data shown in Table 4 shows that the
presence of a mobile hydrogen atom at nitrogen
significantly affects the activity of the substance as
an anti-fatigue agent. In particular, if we compare the
effectiveness of the unreduced and reduced forms of
N-[(IRS)-camphan-2-ylidene]-4-ethoxyaniline
(products I and II), the best protective effect is
observed for samples containing the reduced form.
This is manifested in the better preservation of
elastic-strength properties, a lower level of change in
the hardness and cross-linking degree index both after
laboratory and in situ tests of samples subjected to the
combined influence of tropical atmospheric factors
(Table 5). The properties of the base rubber without
an anti-fatigue agent change more significantly, as
expected. The comparison shows that the protective
effect due to the introduction of product II is
commensurate with the traditional IPPD stabilizer.
This, in turn, is consistent with the known theory on
the mechanism of action of amine-type anti-fatigue
agents [14].

Table 6 shows the results of tropical tests of rubber
samples in the deformed state.

As predicted, under test conditions, the first cracks
on specimens without anti-fatigue agent were seen
in a shorter period of time. When such specimens are
stretched in clamps by 10 and 20%, the first cracks form
after two and one day, respectively. Rubbers filled with
products I and I1, as well as IPPD, show first cracks after
2 to 8 days depending on the degree of deformation. At
a relatively low tensile strain (10%), a commensurate

protective effect is observed in the cases of product II
and IPPD.

The photographs presented in Table 6 demonstrate
the condition of samples exposed for 8 months in tropical
climatesunder 10 and 20% stretching conditions. The base
rubbers (without anti-fatigue agent) are characterized by
the presence of larger and deeper cracks regardless of the
degree of deformation. A visually different picture can
be seen in rubber samples where N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline and its reduction product were
used. In these cases, the development of the destructive
process is much less pronounced, if judged by the number
and size of cracks.

CONCLUSIONS

According to the results of testing of NBR-based
rubbers in laboratory conditions and in full-scale
climatic tests, it was established for the first time
that condensation products of D,L-camphor and
n-ethoxyaniline exhibit a noticeable stabilizing effect.
The use of the reduced form of N-[(1RS)-camphan-
2-ylidene]-4-ethoxyaniline is preferable as an anti-
fatigue agent in formulations of NBR-based rubbers,
determined by the presence of a mobile hydrogen
atom at the nitrogen atom. The protective effect is
manifested as the better degree of preservation of
elastic-strength properties of rubbers with less change
in hardness. In particular, after 8§ months of exposure
in tropical climate the rubbers display a loss of tensile
strength and relative elongation at break by 6 and 11%
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respectively. The level of hardness of the materials
increases insignificantly, namely by 3 Shore A units.
The comparison samples containing N-isopropyl-N'-
phenyl-n-phenylenediamine display a loss of tensile
strength by 11% and relative elongation at break by
19%.
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Abstract

Objectives. To develop and validate a methodology for determining inorganic iodine in Laminariae thalli L., corresponding to the norms
of the State Pharmacopoeia of the Russian Federation, 15th edition (SPh 15). The methodology needs to be valid and suitable for the
quality control of pharmaceutical raw materials in factory laboratories.

Methods. Cathode inversion voltammetry was used as an instrumental method for determining inorganic iodine using a graphite
electrode capable of sorbing electroactive ion associates of surfactant—iodine.

Results. When compared with the titrimetric technique recommended by SPh 15, the proposed technique is more selective, sensitive and
less time-consuming. The efficiency and metrological characteristics of the technique were confirmed by validation in accordance with
the requirements of SPh 15.

Conclusion. The paper presents a new method for determining the gross content of inorganic iodine in Laminariae thalli L. This
technique can be used not only in scientific research, but also in the routine quality control of medicinal plant raw materials in control
and analytical laboratories engaged in pharmaceutical quality control.
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PaspaboTka HoBoM

MHBEPCUOHHO-BOJIbTaMNepoMeTpU4YeCckon MeToanku
onpeaneneHus HeopraHM4eckoro noaa B cyioeBuLLax
namvHapum (Laminariae thalliL.) pna KOHTpONSA Ka4yecTBa
CbIPb{ B YCJIOBUSIX 3aBOA,CKUX labopaTopui

A.B. Hukymaun, J1.IO. Maprsinos, P.C. I'a6aesa, M.A. Jlazos™

MHUPDA — Poccuiickuii mexnono2uieckul ynusepcumem (Mucmumym mouKux Xumuyeckux mexmoioeutl

um. M.B. Jlomonocosa), Mocxesa, 119571 Poccus

™ demop ons nepenucku, e-mail: lazov@mirea.ru

AHHOTaUuus

Hesmn. PazpaboTka 1 Baauganus METOIUKH OTPEICIICHHS HEOPraHUIECKOTO ionia B TaJuioMe JaMuHapuu (Laminariae thalli L.), coot-
BeTcTByrOMIeH HopMam [ocynapctBennoit dapmakoren Poccuiickoit @enepannu XV nznanus (I'd PO XV). Meroarka nomkHa ObITh
BaJIMIHOM W MPHUTOIHOM JUTS KOHTPOJIS KauyecTBa (papMaIieBTHUECKOTO ChIPhsl B YCIIOBHSX 3aBOJICKHX J1a00paTopuii.

Mertoabl. B kauecTBe HHCTPYMEHTAJIBHOTO METO/A ONpPEICICHHsI HEOPraHHYECKOro Hoaa Obula NPUMEHEHa KaToAHAsk WHBEPCHOHHAS
BOJIBTAMIIEPOMETPHS C HCHOJIB30BAaHUEM IPAQUTOBOTO IEKTPO/IA, CLIOCOOHOTO COPOMPOBATH ANEKTPOAKTHBHBIC HOHHBIE ACCOLUATHI MO~
BEpXHOCTHO-aKkTHBHOTO BemecTBa ([IAB)—iiona.

PesyabTarsl. [1o cpaBHEHUIO C TUTPUMETPUIECKONH METOIUKOH, pekomeHayemoir ['d PO XV, npemiaraemas metoanka Oonee cenek-
THBHA, YyBCTBUTENIbHA M MEHEE TpyAoeMKa. PaboToCIOCOOHOCTD M METPOIOTNUECKHE XapaKTEPUCTUKH METOUKN ObIIIH MOATBEPKACHBI
Banuaanuei cormacHo TpedoBanusM 'O PO XV.

BoiBoabl. B pabote npescrapieHa HOBasi METOIMKA OIPEACNICHHS BaJIOBOTO COACP)KaHHs HEOPIraHMYECKOro HoJa B CIIOCBUILAX JTAMHU-
Hapuul (Laminariae thalli L.). JlanHas MeToquKka MOXeT OBITh HCIOJIb30BaHa HE TOJIBKO B HAYYHBIX MCCICAOBAHUAX, HO U B PYTHHHOM
KOHTpOJIE Ka4eCTBa JIEKapCTBEHHOTO PACTUTENBHOTO ChIPbs B KOHTPOJIbHO-aHATUTHYECKHX J1a00PaTOpHsX, 3aHUMAIOIHUXCS (hapMarieB-

TUYECKUM KOHTPOJIEM Ka4y€CTBA.

Kniouyesblie cnosa

BOJIETAMIIEPOMETPHUS

Ana uMTUpoBaHua

CJIOEBHIIA TAMHUHAPHH, BaJIOBOE COZlEpKaHUe HOAa, MHBEPCUOHHAS

MocTtynuna: 18.04.2024
AopaboTaHa: 03.05.2024
MpuHaTa B neyaTtb: 27.06.2024

Huxynna A.B., Mapreios JL.IO., I'abaesa P.C., JlazoB M.A. Pa3paGoTka HOBOW WHBEPCHOHHO-BOJBTAMIEPOMETPHUYECKON METOIUKH
OIIpeieNIeHNs] HEOPraHMYECKOro fo/ia B CIIOEBUIIAX JaMuHapuu (Laminariae thalli L.) 1uist KOHTPOIS Ka4eCTBa ChIPbs B YCIIOBHUSIX 3aBOJI-
ckux yaboparopuii. Touxue xumuueckue mexronozuu. 2024;19(4):372-383. https://doi.org/10.32362/2410-6593-2024-19-4-372-383

INTRODUCTION

Iodine is a trace element essential for human health [1-2].
In particular, iodine is necessary for the synthesis of
thyroid hormones—thyroxine and triiodothyronine which
play a major role in ensuring normal metabolism [3—4].
Insufficient iodine intake has significant effects on the
functioning of muscles, heart, liver, kidneys and brain [5]. It
can also cause a wide range of endocrine and neurological
diseases [3, 6-10]. To this day, iodine deficiency remains a

persistent medical problem, despite international efforts to
eliminate it.

Herbal medicines deserve special attention in the
treatment of iodine deficiency conditions due to their low
toxicity and mild action [11]. The highest concentration
of iodine is known to be found in seaweed [12]. lodine
content and its chemical form in these plants vary among
species, but the largest amount of this element is to be
found in brown algae, in particular in various types of
laminaria [13]. For this reason, Laminariae thalli L. is
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considered one of the best sources of iodine. This type
of medicinal plant raw materials is included in the State
Pharmacopoeia of the Russian Federation, 15th edition
(SPh 15)!, the European? and British? Pharmacopoeia.
The most bioavailable are believed to be inorganic forms
of iodine, which, according to literature, are represented
by iodides and iodates [14-15], which account for
approximately 80 to 90% of the total iodine content [16].

Various chemical and physicochemical methods were
used, in order to determine iodine in Laminariae thalli L.
Thus, for the purpose of quality control of medicinal
plant raw materials according to the lodine indicator,
SPh 15 and foreign pharmacopoeias recommend the
use of insufficiently selective iodometric titration. At
the same time, sample preparation used for the purposes
of determination (burning in an open flame or using the
Schoniger method) is time-consuming and can lead to
significant losses of the analyte.

For the purposes of scientific research, iodine
determination is most often performed by inductively
coupled plasma mass spectrometry (ICP-MS) [17-20],
and the fairly sensitive Sandell-Kolthoff kinetic method
[21-26]. The ICP-MS method is expensive, extremely
sensitive to the presence of organic components in
the analyzed solutions, and insufficiently selective
due to significant isobaric influences from the matrix
components [27]. The isobaric influences are most
often corrected by introducing an isotopic tracer—a
radioactive isotope of iodine, '2°I, which is hazardous
to health [19-20, 28-29]. The kinetic method is labor-
intensive and not selective enough [25-26], requiring the
use of special sample preparation procedures. The listed
disadvantages of the Sandell-Kolthoff and ICP-MS
methods prevent their use in routine quality control
of medicinal plant raw materials in pharmaceutical

enterprises. Amore accessible and simpler alternative is to
use electrochemical methods. The most modern version,
in particular, is inverse voltammetry (IVA)* [30]. This
method is characterized by a high level of sensitivity and
does not require the use of expensive equipment.

For the purposes of the routine determination of
iodine (most often in the form of iodates) by means of the
IVA method?, silver or mercury film electrodes (MFE’s)
are predominantly used (GOST 31660-2012°) [31, 32].
Despite the fact that RPEs make it possible to obtain
a stable signal, their use in flow analysis is severely
limited by the toxicity of mercury salts used to obtain a
mercury film on the electrode surface. Silver electrodes
are safe to use, make it easier to provide a renewed
surface and have a higher detection sensitivity when
compared to MFE’s. However, they are not sufficiently
resistant to complex matrices of natural samples. There
are works in which electrodes covalently modified
with commercially difficult to obtain organic reagents
were used to increase the determination selectivity and
sensitivity’ [33, 34]. The process of obtaining this type
of electrodes is labor-intensive and multi-stage. This
significantly limits their use in flow analysis in factory
quality control laboratories. Standardized commercially
available graphite electrodes are more promising from
this point of view. They are capable of sorbing organic
reagent—analyte element complexes on their surface.
Surfactants can be proposed as available organic
reagents. In the work by D.M. Fedulov® research was
conducted on the influence of the nature and structure
of surfactants on the deposition of surfactant—iodine
complexes on the surface of a graphite electrode. Based
on the research conducted, the authors have proposed
methodological guidelines for the determination of
iodine in food products, food raw materials, food

State Pharmacopoeia of the Russian Federation. 15th ed. Moscow: Ministry of Health of the Russian Federation, 2018;4:6181-6187. https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/. Accessed May 11, 2024.

European Pharmacopoeia. 6th ed. Strasburg: EDQM, 2008;2:2213-2214. https://archive.org/details/europeanpharmaco2008unse. Accessed
May 11, 2024.

British Pharmacopoeia. Herbal drugs and herbal drug preparations. Kelp. London: Medicines and healthcare products regulatory agency,
2009(3):1-2. https://archive.org/details/britishpharmacop0003unse. Accessed May 11, 2024.

Opredelenie massovoi kontsentratsii ioda v pishchevykh produktakh, prodovol stvennom syr e, pishchevykh i biologicheski aktivnykh dobavkakh
vol tamperometricheskim metodom: Metodicheskie ukazaniya (Determination of the Mass Concentration of lodine in Food Products, Food Raw
Materials, Food and Biologically Active Additives by Volamperometric Method: Guidelines). Moscow: Federal’nyi tsentr gossanepidnadzora
Minzdrava Rossii; 2003.42 p. (in Russ.).

Noskova G.N. Determination of various forms of iodine-containing compounds in waters by voltammetric methods. Diss. Cand. Sci. (Chem.).
Tomsk: 2004. 177 p.

GOST 31660-2012. Interstate Standard. Foods. Anodic stripping voltametric method of iodine mass concentration determination. Moscow:
Standartinform; 2012. https://docs.cntd.ru/document/1200095486?ysclid=lvxs4018b2463460075. Accessed May 11, 2024.

Pham K.N. Voltammetric behavior of iodine, selenium and nickel on organo-modified electrodes. Diss. Cand. Sci. (Chem.). Tomsk: 2012.
160 p.

Fedulov D.M. Determination of iodine, lead and selenium in environmental objects in the presence of organic compounds by inversion
voltammetry. Diss. Cand. Sci. (Chem.). Moscow: 2004. 162 p.
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additives and biologically active additives. This approach
is convenient in that it does not require the complex
preparation of the electrode for measurements (there is no
impregnation stage). However, the authors consider this
procedure to have two significant drawbacks. The first
drawback is the influence of matrix components, which
they propose to be removed by “dry” mineralization
of samples (analyte loss). The second drawback is
the need to select conditions for converting all forms
of iodine into the iodide form. This form provides the
highest level of sensitivity in determining the element.
Unfortunately, the authors do not prescribe methods for
sample preparation and transfer of the element into an
analyzed form. Moreover, metrological certification
of the method using water as an example show that,
despite the ease of performing measurements using the
additive method?, it is not possible to obtain validation
characteristics which meet the requirements of the
SPh 15, even for such a simple object. Accordingly, the
procedure described in the guidelines is not applicable
for complex natural samples. Therefore, in order to
determine the gross content of inorganic iodine in a
pharmaceutical sample—the Laminariae thalli L.—it
is necessary not only to reproduce the determination
conditions, but to develop and validate a new method
compliant with the standards of the SPh 15. In this case,
the technique should include labor-intensive sample
preparation, which to the maximum extent possible
eliminates the loss of the element being determined.
It should also include a simple method of converting
the element into a single analyzed form, as well as an
effective combination of the above stages with the stage
of IVA determination using a surfactant.

Thus, the purpose of this work is to develop and
validate a simple, reproducible, selective, highly
sensitive, combined IVA method for determining the
total iodine content in a new type of pharmaceutical
object for IVA analysis—Laminariae thalli L. containing
inorganic iodine mainly in the form of iodides and iodates
easily soluble in water!? [35, 36]. At the same time, the
methodology must comply with the capabilities of the
control and analytical laboratories of pharmaceutical
enterprises and the requirements of the SPh 15.

MATERIALS AND METHODS

Sample preparation was carried out using a WiseVen
drying cabinet (Wisd, South Korea) and a laboratory

centrifuge SM-6M (Elmi, Latvia). Inorganic iodine
determination was performed using a voltammetric
analyzer Ekotest-VA (Ekoniks-Expert, Russia) by
means of a three-electrode cell consisting of a working
impregnated graphite electrode (IGE) (Ekoniks-Expert,
Russia), a silver-silver chloride reference electrode
ESr-10107  (Izmeritelnaya  Tekhnika  (Measuring
Equipment), Russia), a platinum auxiliary electrode
EPL-02 (Gomel Plant of Measuring Equipment, Belarus),
and a magnetic stirrer (E/mi, Latvia).

The following reagents were used in the work:
purified water (conductivity <4.3 puS/cm at 20°C),
concentrated sulfuric acid (chemically pure, Lenreaktiv,
Russia), potassium iodide (chemically pure, Chemical
Line, Russia), potassium bromide (reagent grade,
Lenreaktiv, Russia), cetyltrimethylammonium bromide
(Sisco Research Laboratories, India), and zinc dust 95%
(Clearsynth, India).

Solutions of 1 M H,SO, and 10% potassium bromide
were prepared in accordance with SPh 15. Samples
of Laminariae thalli L. which meet the requirements
of SPh 15 were purchased from a pharmacy chain in
Moscow.

0.1 M solution of potassium bromide

12.0 mL of 10% potassium bromide solution were
placed into a 100-mL volumetric flask. The volume of
the solution was brought to the mark with water, and the
mixture was stirred.

Cetyltrimethylammonium bromide solution

An exactly weighed portion of cetyltrimethylammonium
bromide weighing 0.1850 g was placed into a 250-mL
volumetric flask. The volume of the solution was adjusted
to the mark with water, and the mixture was stirred.

Standard solution

An exactly weighed portion of 1.3081 g of potassium
iodide was placed in a 1000-mL volumetric flask. 700 mL
of water was added, and the mixture was stirred until the
sample was completely dissolved. The solution volume
was adjusted to the mark with the same solvent, and the
mixture was stirred (iodine concentration 1.0 mg/mL,
solution A).

Solution A of 5.0 mL was added to a 50-mL volu-
metric flask. The volume of the solution was adjusted to
the mark with water, and the mixture was stirred (iodine
concentration 100.0 ng/mL, solution B).

The additive method is one of the standard quantitative methods in analytical chemistry, in which a precisely known amount of the substance

being determined is introduced into the test sample, and the content of this substance in the sample (test sample) is calculated from the change

in the analytical signal.

Smolensk: 2012. 122 p.

Savchuk L.A. Investigation of pharmacological properties and chemical composition of dry Japanese kelp extract. Diss. Cand. Sci. (Biol.).
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Solution B of 10.0 mL was placed into a 100-mL
volumetric flask, the volume of the solution was adjust-
ed to the mark with water, and the mixture was stirred
(iodine concentration 10.0 pg/mL, solution C).

Solutions for studying the method linearity
(calibration solutions)

Solution C of 0.05-0.75 mL, 0.50 mL of the
cetyltrimethylammonium bromide solution, 2.5 mL of
1 M H,SO,, and 1.0 mL of 0.1 M potassium bromide
solution were added to a 25-mL volumetric flask. The
volume of the solution was adjusted to the mark with
water, and the mixture was stirred (iodine concentration
was 20-300 ug/L).

Test solution

A sample of the raw material passed through a sieve
with a hole size of 2 mm, weighing 0.5 g (exactly
weighed), was placed into a 100-mL conical flask, and
40 mL of water were added. The mixture was kept at
90°C for 15 min and centrifuged for 15 min at a speed of
2000 rpm. The supernatant was transferred to a 250-mL
volumetric flask. The precipitate was filtered off, and
the filtrate was transferred into the same volumetric
flask through cheesecloth. The solution volume was
adjusted to the mark with water, and the mixture was
stirred.

The resulting solution of 5.0 mL, 10.0 mL of
1 M H,SO,, and 0.5 g of zinc dust were placed into a
100-mL volumetric flask. The mixture was kept at 80°C
for 30 min and cooled. The solution volume was brought
to the mark with water. The mixture was stirred and
filtered through a paper filter from the Sinyaya Lenta
(Blue Ribbon) brand (Russia).

Reference solution

Cetyltrimethylammonium bromide solution of 0.5 mL,
2.5 mL of 1 M H,SO,, and 1.0 mL of 0.1 M potassium
bromide solution were placed into to a 25.0 mL
volumetric flask. The solution volume was adjusted to
the mark with water, and the mixture was stirred.

Procedure

The test solution of 4.0 mL was placed in a 25-mL
volumetric flask, then 0.5 mL of cetyltrimethylammonium
bromide solution, 2.5 mL of 1 M H,SO,, and 1.0 mL
of 0.1 M potassium bromide solution were added. The
solution volume was adjusted to the mark with water,
and the mixture was stirred. The determination was
carried out using the calibration curve method.

The voltammograms of the test solution and of the
reference solution were recorded in the potential range
from —200 to 800 mV.

The amount of inorganic iodine (X, %) in the raw
material was calculated using the following formula:
(C—Cy)*x250x100%25x100x 1077 x P
- 4% 5% ax100x (100 7)
(C-Cy)x3.12x103 x P
- ax (100~ W)

X x100 =

b

where a is the mass of a sample of plant raw materials, g;
C is the concentration of inorganic iodine in the test
solution determined from the calibration curve, pg/L;
C, s iodine concentration in the reference solution, ug/L;
P is the main substance content in the standard sample of
potassium iodide, %; W is raw material moisture, %.

RESULTS AND DISCUSSION

The IVA determination of iodine was based on the
electrochemical oxidation of iodide ions to molecular
iodine [34]. At the accumulation step, in the presence
of bromide ions and a quaternary ammonium base
(cetyltrimethylammonium  bromide), the resulting
iodine is adsorbed onto the surface of the working
IGE in the form of a poorly soluble ionic associate.
When the potential is deployed to the cathode region,
electrochemical dissolution of the precipitate occurs, and
a peak of electrochemical reduction of iodine appears
on the voltammogram. This process can be roughly
represented as follows:

207 —2¢” > 1,
I, + Br™ > ,Br7,
L,Br +R > R[LBr |,

R[IzBr—] +2¢~ >R +2I" +Br,

wherein R is the quaternary ammonium base. The
precipitate dissolution is accompanied by the flow of a
cathodic current, the magnitude of which is an analytical
signal.

At the first stage of the study, we succeeded in
showing that the greatest recovery of inorganic forms of
iodine is achieved when extracting analytes with water
under the following conditions: raw material particle
size—less than 2 mm; extractant volume—40 mL;
extraction temperature—90°C; extraction time—15 min;
and extraction multiplicity is 1. It was also found that the
simplest version of the method described in [34] is not
suitable for the bulk determination of iodine inorganic
form. This is due to the extreme complexity of the matrix
composition of the natural analyzed sample, as well
as the simultaneous presence of the analyte in several
forms. For this reason, the work explored the possibility
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of converting various inorganic forms of iodine (iodides
and iodates) into a single form (iodides).

Iodates can be converted to iodides under the action
of hydrogen, easily obtained by the reaction of zinc dust
with acid. Therefore, mixing sulfuric acid and zinc dust
with the resulting extract and additional heating to speed
up the reaction allowed us to obtain the required result.
The reactions carried out can be roughly represented as
follows:

Zn +H,80, =ZnSO, + H, T,

KIO; +3H, = KI + 3H,0,

or in general:
KIO; +3Zn +3H,S0, =KI +3ZnSO, + 3H,0.

The influence of temperature, reaction time, mass
of zinc dust, and concentration of sulfuric acid solution
on the completeness of the reaction was studied using a
model solution of potassium iodate (iodine concentration
was 202 pg/L). The assessment was carried out on the
basis of the resulting iodides content using ionometry.
As a result of the complete reaction, the concentration of
iodide ions should be about 202 ng/mL, corresponding
to the most complete transition of iodate to iodide. The

results of the experiments are presented in Table 1.

Table 1. Influence of different parameters on the completeness of iodates to iodides conversion (the volume of the test solution is 5 mL,
the volume of sulfuric acid is 10 mL)

Reaction temperature, °C coigﬁﬁﬁ;ﬁfiM Zinc powder mass, g Reaction time, min Masg (cls?s:gtfiﬁon
Reaction temperature
25 0.1 0.5 30 196.2
40 0.1 0.5 30 198.5
80 0.1 0.5 30 207.1
100 0.1 0.5 30 200.2
Sulfuric acid concentration
80 0.1 0.5 30 205.2
80 0.5 0.5 30 199.1
80 1.0 0.5 30 195.0
80 2.0 0.5 30 184.7
Zinc mass
80 0.1 0.5 30 205.2
80 0.1 0.75 30 178.4
80 0.1 1.0 30 179.4
80 0.1 2.0 30 182.4
Reaction time
80 0.1 0.5 10 181.7
80 0.1 0.5 20 175.7
80 0.1 0.5 30 201.9
80 0.1 0.5 60 172.0
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‘ Fig. 1. Voltammograms of: (a) the standard solution with the iodine concentration of 200 pg/L, (b) the test solution

The data presented in Table 1 indicates that the most
complete conversion of iodates into iodides is achieved
at a temperature of 80°C, a reaction time of 30 min, a
concentration of sulfuric acid of 0.1 M, and a mass of
zinc dust of 0.5 g. The results obtained are quite easy to
explain. Thus, as the temperature increases, the reaction
rate increases. The increase in the concentration of the
sulfuric acid solution leads to a decrease in the content
of the element being determined in the solution due to
the formation of volatile iodine (reaction between KIO,
and KI). Iodine leaves the reaction sphere during the
reaction mixture heating. An increase in the mass of zinc
dust prevents hydrogen bubbles from moving freely in
the solution, also complicating the reaction of iodides
formation.

Since laminaria is a typical representative of the
brown seaweed family, it tends to accumulate elements
contained in seawater in the largest quantities. These
elements include sodium, potassium, calcium, and
magnesium. Therefore, we studied the matrix influence of
these elements upon the analytical signal of the element
being determined. As a result of the experiments, it was
found that sodium, potassium, calcium and magnesium
with a thousandfold excess in the test solution do not
interfere with the analytical signal. Thus, as a result of
the research, a new voltammetric method was proposed
for the quantitative determination of the gross content
of inorganic iodine in the Laminariae thalli L. The
study of metrological characteristics was carried out in
accordance with the requirements of the SPh 15.

Figure 1 shows voltammograms of one of the standard
solutions used to plot the calibration curve (Fig. 1a) and
of the test solution (Fig. 1b) recorded in the range from
—200 to 800 mV.

Figure 1 indicates that the local maximum is achieved
at a potential of 233 £ 10 mV both in the voltammogram
of the standard and in the voltammogram of the test

solutions. No maxima were found in the reference
solution voltammogram. The results obtained indicate a
fairly high specificity of the proposed method in relation
to the analyte.

Figure 2 shows the effect of iodine concentration on
the analytical signal of the element being determined.

—_
(=]

Peak height, pA

S N B~ O

0 50 100 150 200 250 300 350

Iodine concentration, pg/L

Fig. 2. Dependence of the cathode current value on the iodine
concentration

Analysis of the graph presented in Fig. 2 showed
that the relationship between the iodine content in the
analyzed solution and the cathode current is linear in
the concentration range of the element being determined
from 20 to 300 pug/L (R = 0.9993).

The addition method was used to study the
correctness. It consisted in adding the exact amount of a
standard sample of potassium iodide (in terms of iodine)
to extracts diluted to a half concentration (for working
in the linear region of the technique). Discoverability
was calculated as the ratio of the experimentally found
amount of an element to its theoretical content. The
results are shown in Table 2.
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Table 2. Evaluation of the discoverability of the iodine content in the sample (4" = 3.26 pg, m**test =221 pg)

Added (m), pug hadd m+mg, Ng Ripeor Found, pg exp Discoverability, %
0.60 1.07 2.81 433 291 423 103.5
0.60 1.02 2.81 428 291 423 103.5
0.60 1.04 2.81 4.30 2.90 422 103.3
1.50 2.31 3.71 5.57 3.82 5.49 103.1
1.50 2.27 3.71 5.53 3.83 5.50 103.3
1.50 2.28 3.71 5.54 3.82 5.49 103.1
2.70 3.91 491 7.17 5.07 7.20 103.2
2.70 3.93 491 7.19 5.07 7.21 103.3
2.70 3.88 491 7.14 5.08 7.22 103.5

*h is an analytical signal (peak height) of the solution diluted to half concentration.

k%
m test

On the basis of the data obtained, it was concluded
that the method enables correct determination of the
analyte in the analyzed solution obtained at sample
preparation stage. The accuracy ranges from 100 to
105%, and the coefficient of variation (with the number
of parallel measurements 7 = 9) was 0.2%.

is the content of the determined component in the test solution diluted to half concentration.

The study of repeatability consisted in calculating
the variability index and confidence interval on the basis
of the results of quantitative determination of inorganic
iodine gross content in Laminariae thalli L. in several
replicates. The results are presented in Table 3.

Table 3. Evaluation of the reproducibility of the technique of inorganic iodine determination (the number of parallel measurements
n =6, confidence level p = 0.95), the content of the main substance in the standard sample of potassium iodide P = 99.9%, raw material

humidity = 8.80%

Measurements
Parameter
1 2 3 4 5 6

hy 6.11 6.10 6.06 6.12 6.18 6.22
h, 6.12 6.16 6.09 6.13 6.16 6.25
hy 6.15 6.14 6.10 6.17 6.15 6.20
Average h 6.13 6.13 6.08 6.14 6.16 6.20
X, % 1.15 1.15 1.14 1.15 1.16 1.16
X, 0 % 115

Standard deviation, S 0.01

Standard deviation of the average result, Sy 0.003

Coefficient of variation, Sy, % 0.90

Confidence interval, % 1.14-1.16

Analysis result, % 1.15+0.01
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Table 4. Assessment of intralaboratory precision of the IVA method for determining the gross content of inorganic iodine

(n=6,p=0.95), P=99.9%, V=8.80%

Measurements
Parameter
1 2 3 4 5 6

hy 5.98 6.02 6.10 6.06 6.20 6.17
hy 597 5.98 6.12 6.10 6.15 6.15
hy 6.00 597 6.16 6.09 6.19 6.11
Average h 5.98 5.99 6.13 6.08 6.18 6.14
X, % 1.12 1.12 1.15 1.14 1.16 1.15
Kyyer Y0 1.14

Standard deviation, S 0.02

Standard deviation of the average result, Sy 0.007

Coefficient of variation, Sy, % 1.80

Confidence interval, % 1.12-1.16

Analysis result, % 1.14 £0.02

The results presented in Table 3 show that the
coefficient of variation of the results of inorganic iodine
quantitative determination (n = 6) was 0.9%, and the
confidence interval was in the range of £0.01%.

Intralaboratory precision was studied by means of
quantifying the element in six replicates on a different
day by a different analytical chemist. The data is shown
in Table 4.

The data shown in Tables 3 and 4 allows a comparison
of the variances of the average results of the two samples
using the Fisher and Student tests. The calculated values
of Fisher F exp — 4.700 and Student lexp = 0.141 criteria
were lower than the tabulated ones (£, = 5.050;
Liable = 2-371). This confirms that the two samples belong
to the general population. The results of inorganic iodine
quantitative determination using the method developed
herein are reproducible and showed satisfactory
intralaboratory precision.

CONCLUSIONS

As aresult of the study, a new highly sensitive, selective,
combined IVA method for determining inorganic iodine
in Laminariae thalli L. was developed. Unlike the most
commonly used pharmacopoeial methods, the proposed
method involves extremely simple sample preparation.

This method consists of extraction of the inorganic
analyte with water and subsequent conversion of the
iodate and iodide forms of iodine (the most common
in the Laminariae thalli L.) into a single analytical
form by processing the extract with zinc dust in acidic
environment. The validation results demonstrated that the
new method provides a satisfactory level of metrological
characteristics (specificity, linearity, discoverability,
repeatability, intralaboratory precision). The method
also complies with the requirements of the SPh 15 and
can be recommended for use in control and analytical
laboratories involved in pharmaceutical quality control.
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Erratum to the article “Development of technology
for culturing a cell line producing a single-domain
antibody fused with the Fc fragment of human IgG1?”
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