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AHHOTanus. B 1aHHOM paboTe Npe/CTaB/IeHbl Pe3y/IbTaThl UCCIeN0BaHUS 6M0aKTUBHBIX HAHOUYACTHL] CUIHKATa
MarHusg. CaMH HaHOYACTHIIBI [10/1y4a/Id MeTOLOM XMMHU4YeCKOro OCaKIeHH S B BOLHOU cpefie. Pasmep U dopmy
06pa31oB uccienoBaayd Ha [I9M-MHKpPOCKoIle. YCTaHOBJIEHO, UTO I10BEPXHOCTb 00pa3lioB IIpe/icTaBIeHa KpyIl-
HBIMHU arperataMu. B cBow oyepenb, arperarhbl COCTOAT U3 ChepruUeCKUX HAHOYACTHUL] CU/IMKATa MaTHUS C pa3me-
pamu ot 10 0 20 HM. Ha crefyroiem sTarle, ¢ IIOMOIIbIO HEHPOCeTeBOM 06paboTKM SKCIIePUMEHTAIbHBIX JTAHHBIX
[IPOBOJMJIN OIITUMH3aLMI0 CHHTe3a HAaHOYaCTHL. AHA/IN3 II0/Iy4eHHON TepHAaPHOM [TI0BEPXHOCTH II0Ka3aJsl, YTo
IU1s1 TIONy4eHU s 06pas3lioB C HAMMEHBIINM pa3MepoM arperatos (700 HM) IIapaMeTpaMU CHHTe3a SIBJISIIOTCS: TeM-
nepaTypa - 50 °C, CKOpoCTh IlepeMeIIBaHUs ~ 600 06/MHUH, KOHLIEHTPaLKs IIpeKypcopa - 0,5 Monb/1. OnpesentB
OLTHMaJIbHbIe [IapaMeTPhl CHHTe3a CUIMKATa MarHM s, IIPOBOAM/IM KOMIIBIOTEPHOE KBAHTOBO-XMMUYECKOe MOJe-
NTHpOBaHHUe. B pe3ynbTare pacyeToB 06HAPYsKeHO, UTO S3HEPrysi KOHQUIypaLluK cocTaBuia E=-709,302 KKaJ1/MOIb,
BeJTMYMHA XHUMHYECKOM XeCTKOCTH 1N=0,191 3B, a MATKOCTH — S=2,62 9Bl. Ha ocHOBe II0JIyYeHHBIX TAHHBIX MOXKHO
3aK/IFOYHTh, YTO MgSiO; 06/1a1aeT BBICOKOM CTabKIPHOCTBIO U XapaKTePHU3YeTCs, KaK OTHOCUTEIbHO MSTKasi MoJle-
Ky/a. Ha 3aK/II04KTe/IbHOM 3Tarle paboTsl 06pasiisl MccaefoBaliu Ha MK-criekTpomeTpe. AHanu3 MK-criekTpa roka-
3aJ1 Ha/IM4dHe XapaKTepPHBIX I107I0C IIOIJIONeH s, KOTOpble COOTBETCTBYIOT KoslebaHUSIM CBsI3el B Mojiekye MgSiO;.
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Abstract. This paper presents the results of a study of bioactive magnesium silicate nanoparticles. The nanoparticles
themselves were obtained by chemical precipitation in an aqueous medium. The size and shape of the samples were
examined on a TEM microscope. It is established that objects of detection by aggregates are detected. In turn, the
aggregates consist of spherical magnesium silicate nanoparticles with sizes from 10 to 20 nm. At the next stage, with
the help of neural network processing of experimental data, the synthesis of nanoparticles was optimized. Analysis
of the obtained ternary surface showed that to obtain samples with the smallest aggregate size (700 nm), the synthe-
sis parameters are: temperature - 50 °C, stirring speed - 600 rpm, precursor concentration - 0.5 mol/l. Having deter-
mined the optimal parameters for the synthesis of magnesium silicate, computer quantum chemical modeling was
carried out. As a result of calculations, it was found that the energy of the configuration was E = -709.302 kcal/mol, the
value of chemical hardnessn = 0.191 eV, and softness - S =2.62 eV'1. Based on the data obtained, it can be concluded that
MgSiO; has a high stability and is characterized as a relatively soft molecule. At the final stage of the work, the samples
were examined on an IR spectrometer. An analysis of the IR spectrum showed the presence of characteristic absorption
bands, which correspond to bond vibrations in the MgSiO; molecule.
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BBE/JLEHUE

B mocnenHee BpeMs B MeJULIKMHe aKTUBHO pa3BU-
BaeTcs 06/1acTh 6MOCOBMECTUMBIX MaTepHaJIoB,
HeobXOAMMBIX [JIsl YCKOPeHHUSI pereHepallUu
KOCTHOM TKaHH [1-4]. OfHUM H3 IIepCHeKTUBHBIX
HaIlpaBJeHUH JaHHOMN OTPAC/IH SBJIsSeTCs paspa-
60TKa pa3lMYHBIX KOCTHBIX LleMeHTOB. KocTHEIe
LleMeHThl - 3TO MaTepHajbl, KOTOPble HUCIIO/b-
3yIOTCSI [IJ1S1 3aII0/IHEeHU ST ledeKTOB KOCTH C LieJIb0
BOCCTAHOBJIEHH S ee LeJIOCTHOCTH M QYyHKIIHO-
HaJbHOCTH. OHHU 06/aLaOT PALOM IPEeUMY-
IeCTB, TAKUX KaK BbICOKAsI ODAKTePHUILIUIHOCTbD,
BO3MOKHOCTh TOUHOM aNIIMKALUU U GOpPMHU-
POBaHMS KOCTHOM TKaHH, a TaKKe BO3MOXHOCTh
COKpallleHHsl BpeMeHH 3akKUBjeHHUs. CyliecTByeT
MHOeCTBO BHJ 0B KOCTHBIX LIeME@HTOB, BKIIO-
yas KepaMHUYecKHe, IOJIMMePHBIe U THUAPOTe-
nueBble. KepaMH4YecKHe KOCTHBIe LIeMEHTHI,
TakHe KaK TUJPOKCHAMNATUT U TPUKaIbLUHpOC-
daT c BKIOUYEHHUSIMHU HAHOYACTHUIL, CUIHUKATOB
MarHHS U LIUHKA, 06/1aal0T BEICOKOM 6HMOAKTHB-
HOCTBIO M ONITHMAJIbHOH CTeIeHbIO pe3opbruu,
YTO AeslaeT MX 0COOeHHO NMPHUBIEeKATeJIbHBIMU
JlJISL UCII0JIb30BAHU S B MeJUIIMHCKHUX Lensax [5-7].
Tak, MoJIMMepHble KOCTHBIE IleMeHTBl ~ MOoJaHa-
KPUJIOHUTPHI U NMOTHUMeTHUIMeTaKpuIar, obaa-
JAIOT MOBBIIIEHHON MPOYHOCTBIO U IOTOBEYHO-
CTBIO, HO UMeIOT 6oJiee BBICOKYIO TOKCHYHOCTH
M PHCK BBI30Ba a/lJ/IePrUYeCKUX peakUHuu [8].

INTRODUCTION

Recently, the field of biocompatible materials neces-
sary to accelerate bone tissue regeneration has been
actively developed in medicine [1-4]. One of the prom-
ising areas of this industry is the development of var-
ious bone cements. Bone cements are materials that
are used to fill bone defects in order to restore bone
integrity and functionality. They offer a number of
advantages, such as high bactericidal resistance, pos-
sibility of precise application and bone formation, and
possibility of shorter healing times. There are many
types of bone cements, including ceramic, polymeric
and hydrogel cements. Ceramic bone cements such as
hydroxyapatite and tricalcium phosphate with inclu-
sions of magnesium and zinc silicate nanoparticles are
highly bioactive and have an optimal resorption rate,
which makes them particularly attractive for medi-
cal use [5-7]. For example, polymeric bone cements,
polyacrylonitrile and polymethyl methacrylate, have
improved strength and durability, but have higher tox-
icity and risk of causing allergic reactions [8]. Despite
some disadvantages and risks, bone cements will be
an important tool in the treatment of bone defects for
a long time [9].

There are also many promising studies on new
materials development based on nanoscale forms of
mineral components for bone osteogenesis [10-15].
These materials are more effective and safer due
to their unique physicochemical and biomedical
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Fig.1. Scheme for the synthesis of magnesium silicate nanoparticles

HecMOTps Ha HEeKOTOpble HeOCTAaTKH U PUCKH,
KOCTHBIE LIeMeHTBHI 0/Iroe BpeMs 6yayT SIBASIThCS
Ba>XHBIM MHCTPYMEHTOM B JIeYeHHHU KOCTHBIX
medexTos [9].

Taxske cyliecTByeT MHOXKeCTBO IIepPCIIeKTUBHBIX
HCC/IeIOBaHUM 10 pa3paboTke HOBBIX MaTepHa-
JIOB Ha OCHOBe HaHOPa3MepHbIX GOpPM MHHepajb-
HBIX KOMIIOHEHTOB /IJIsl OCTeoTreHe3a KocTH [10-15].
JlaHHBle MaTepHasbl SABASIOTCS 6onee 3dpdex-
THBHBIMU K 0e30MaCHBIMHU 33 CUeT YHHUKATbHBIX
GH3MKO-XMMHUUYEeCKUX U MeJHUKO-OH0IOrHUeCKUX
CBOMCTB. MHOTMMH HCC/Ie[0BaTelsSIMH YCTAaHOB-
JIEHO BJIMSIHHE MeTOJ0B IIPUIOTOBJIeHM I KOCTHBIX
LIeMEeHTOB C HAHOYAaCTHI[AMHM C MCII0JIb30BaHHEM
yJIbTpa3ByKa HJIM BBeJeHHeM aJJHUTHBOB B IIPO-
[1eCC CMeIIMBaHM I KOMIIOHeHTOB U GOPMUHPOBa-
HHUS CaMUX CyCcleH3HH [16, 17].

B mesoM, KOCTHBIe LIeMeHThl Ha OCHOBe $ocC-
GaTHO-CHUIUKATHBIX HAaHOKOHCTPYHUPYeMBIX
MaTpHIL, KaJbLU K, UHHKA U MAarHU OpeACcTaB-
ns1I0T cobor Ba’>kKHBIM Kjaacc 6uoMaTepuasaoB
[J1s JleYeHU I KOCTHBIX JePeKTOB, KOTOpble UMeIOT
MHOXeCTBO IIPEUMYILeCTB U IPUMEHSIOTCS B KJIK-
HH4YeCKOH MpPaKTHKe y>Ke MHOIo jeT. Ha ocHoBe
Ipe/ICTaBAeHHBIX JAHHBIX 06 aKTyaTIbHOM IIPHMe-
HeHHH TaKoTo MaTepHana, Kak MgSiO,, B pereHe-
PaTUBHON MeJHIIMHEe LieJbl0 PabOThI CTalIK CHH-
Te3 U M3y4deHHe CTPYKTYPbl 6MOaKTHBHBIX HAHO-
YaCTHUI, CHJIMKATa MarHHUs.

METO/AbI UCCNEAOBAHUA
HaHOYaCTHLIB CHJIMKATA MArHUS IOJAy4YalHu
MEeTOLOM XMUMMYECKOr0 OCa>kJAeHHUS B BOLHOM
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properties. Numerous researchers have established
influence of methods for preparation of bone cements
with nanoparticles using ultrasound or introduction
of additives in the mixing of components and forma-
tion of the suspensions themselves [16, 17].

In general, bone cements based on phosphate-silicate
nanocomposite matrices of calcium, zinc and magne-
sium represent an important class of biomaterials for
treatment of bone defects, which have many advantages
and have been used in clinical practice for many years.
Based on the presented data on the topical application of
such material as MgSiO; in regenerative medicine, the
aim of the work was the synthesis and study of the bio-
active magnesium silicate nanoparticles structure.

RESEARCH METHODS

Magnesium silicate nanoparticles were produced by
chemical precipitation in aqueous medium at room
temperature. The synthesis scheme is shown in Fig.1.

Magnesium acetate was used as magnesium precur-
sor and sodium metasilicate as precipitant. In the first
step sodium metasilicate and magnesium-containing
precursor solutions were prepared with a concentra-
tion of 0.8 M. Then, a solution of the magnesium-con-
taining precursor was added to the sodium metasili-
cate solution. The resulting sols were washed by cen-
trifugation. Then, the washed sediments were dried
in the desiccator at 80 °C.

Optimization of the synthesis technique for mag-
nesium silicate nanoparticles was carried out using
planning matrix and neural network selection of
mathematical models. The multifactorial experi-
ment allows us to consider influence of various factors
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Tabauua 1. YposHu eapbUpOoBaHLisl 0CHOBHbIX NepeMeHHbIX Napamempos

Table1. Variation levels of the main variables

HaumeHoBaHue napamMeTpoB

YPOBHU BapbMpOBaHUS NepeMeHHbIX

Parameters Variation levels of the main variables
\S/ﬁﬁ'li(rc])gz[c)'gaeg‘erppexemMBava, 06/MWH 300 600 900
T Teuncparypa, 2 o 50

cpele IIPH KOMHATHOM TeMIlepaTtype. CxeMa CHH-
Te3a IIpefCTaBjIeHa Ha puc.l.

B kxagecTBe IIpeKypcopa MarHHUs HCII0/Ib30BaIH
ameTaT MarHHUs, a B KadyeCTBe OCaJUTeIsI — MeTa-
CHJIMKAT HaTpHUs. Ha mepBoM 3Talle U3rOTOBUIIHN
PacTBOPHI MeTacHIHKAaTa HATPUS U MarHHUNCO-
IlepsKalero Ipekypcopa ¢ KoHLieHTpanuern 0,8 M.
[lasnee, B paCTBOpP MeTaCHJIHMKAaTa HAaTpus nobas-
JISITH PACcTBOP MarHHUICOAepsKallero Ipekypcopa.
[Tosiy4yeHHBIE 30/IM OTMBIBA/IH MeTOLOM LIeHTPHU-
byrupoBaHus. [lasee, OTMBITbIe OCAaJKH BBICY-
IIHBAaAK B CyMIHMJbHOM IKady IPHU TeMIlepa-
Type 80 °C.

ONTUMH3AILKMI0O METOOHUKY CHUHTe3a HaHoua-
CTHUI] CHJIMKATAa MAaTrHUS IIPOBOAHUIH C HCIIONb-
30BAaHHEeM MaTPHUIBl IIJITAHHUPOBAHUS U HEHPO-
ceTeBOro mombopa MaTeMaTHYeCKUX MOJeNEH.
MHOTOQaKTOPHBIH 3KCIIEPUMEHT I103BOJIsIeT pac-
CMOTPeTh BIHUSIHHE Pa3TuYHBIX PaKTOPOB (mepe-
MeHHBIX IapaMeTpoOB) Ha CPeJHHH THAPOAU-
HaMHYeCKHN pPafHyC IoAydaeMblX 06pa3moB.
B kavyecTBe BXOAHBIX [IapaMeTPOB BbEIOpaNIU: TeM-
epaTypy, CKOPOCTh IlepeMelINBAHUS U KOHIIeH-
TPAalLlUI0O IpeKypcopa. YPOBHU BapbUPOBAHHUS
npencTaBieHsl B Tabn.1. Ocagutens 6panu B cTe-
XHOMeTPHYEeCKUX KOTHYeCTBaX.

1 ©3y4eHHU S B3AaMMHOTIO BIHSHHUS Bcex pak-
TOPOB IIPH MHUHHMAaJIbHOM KOJHYeCTBe 3KCIIe-
PHMeHTOB COOPMHUPOBATH MATPHULY IJIAHUPO-
BAaHMS, COCTOSIIYIO U3 NeBSITH 3KCIIePHMEeHTOB
(tabi.2).

C moMoOIIbpI0 MaTeMaTH4YeCKOH o6paboTku
MOJYy4YeHHBIX 3KCIEePHUMeHTAJbHBIX [JaH-
HBIX B ITaKeTe INPUKJIAAHBIX nporpamm Neural
Statistica Network chopmupoBanu HEHPOHHYIO
CeTh C 3aJaHHOM MaTeMaTHYeCKOM MOMIEeJbIo.

(variables) on the average hydrodynamic radius of the
obtained samples. As input parameters we chose: tem-
perature, stirring speed and precursor concentration.
The levels of variation are shown in Table 1. The precip-
itant was taken in stoichiometric quantities.

In order to study mutual influence of all factors
with a minimum number of experiments, a planning
matrix of 9 experiments was generated (Table 2).

With the help of mathematical processing of the
experimental data obtained in the Neural Statistica
Network application package formed a neural network
with a given mathematical model. Based on the gen-
erated mathematical model, a ternary surface describ-
ing mutual influence of the synthesis technological
parameters on the average hydrodynamic radius of
nanoparticles was obtained.

Average hydrodynamic radius of obtained mag-
nesium silicate samples was studied by dynamic
light scattering on Photocor-Complex spectrometer
(Antek-97, Moscow, Russian Federation). Computer
processing of the obtained experimental results was
carried out using DynaLS computer software.

The shape and size of the particles were stud-
ied by transmission electron microscopy on a Tecnai
G2 30F STWIN STEM instrument (FEI Company,
Hillsborough, USA).

The functional groups in dried samples of magne-
sium silicate nanoparticles were studied by Fourier
transform infrared spectroscopy on FSM-1201 infrared
spectrometer (INFRASPEK, St. Petersburg, Russia).

Computer quantum chemical modeling of magne-
sium silicate nanoparticles was performed in QChem
application package using IQmol molecular editor.
Quantum-chemical parameters were calculated using
the equipment of the data processing centre (Schneider
Electric) of the North Caucasian Federal University.
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Tabauya 2. Mampuua nAaHUposaHus 3kcnepumeHma
Table 2. Experiment planning matrix

CKOpOCTb NepemeLuMBaHus, 06/MUH

Temnepatypa, °C

KoHueHTpauus npekypcopa, Mosb/n

Stirring speed, rpm Temperature Precursor concentration, mol/l

1 300 20 0,005
2 300 50 0,05
3 300 80 0,5

4 600 20 0,05
5 600 50 0,5

6 600 80 0,005
7 900 20 0,5

8 900 50 0,005
9 900 80 0,05

Ha ocHoBe cGopMHUPOBaHHON MaTeMaTH4YeCKOH
MoOJe/Ny MOJAY4YHU/IIM TepHAPHYIO IIOBEPXHOCTH,
OIMCHIBAIOIIYIO B3aMMHOEe BIIMsHKME TeXHOJIOTH-
YeCKHUX [IapaMeTpOB CUHTe3a Ha CpeJHUI THAPO-
OAMHaAMHUYeCKHI paflyC HAHOYACTHII.

H3yyeHue cpegHero ruJpogHHaMUYECKOTrO
panuyca Moay4eHHBIX 06pa3IloB CHIKMKATa Mar-
HH S IIPOBOJU/IN METOAO0M AHHAMHYeCKOTO pacces-
HHUS CBeTa Ha ciekTpomeTpe Photocor-Complex
(AHTek-97, MockBa, Poccunckas Pemepanus).
KoMmpooTepHYI0 06paboTKy pe3ynbTaToOB HCCIe-
JOBaHUS OCYIWIeCTBISANH C HMCIOJAb30BaAaHHEM
KOMIIBIOTEPHOTO IMpPOrpaMMHOT0 obecrnedeHus
DynalLsS.

®opMy U pasMep 4YacTHUIL, MU3y4aJlHd METOLOM
IpocBedyHBaloNlen 3JeKTPOHHOH MHKPOCKO-
nuu Ha npubope Tecnai G2 30F STWIN STEM (FEI
Company, Xunncbopo, CIIA).

HccnemoBaHue QYHKIIMOHAIBHBIX TPYIII B BBICY-
IIeHHBIX 06pa3liax HAHOYACTHUI] CHIKMKaTa MarHus
MIPOBOJMJIM MeTOLOM HHPaKPACHOU CIIeKTPOCKO-
nuu Ha UK-ciekTpomeTpe ®CM-1201 (MHOPACIIEK,
CauKT-IleTepbypr, Poccus) c mpeobpa3zoBaHueM
dypsoe.

KoMIplOTepHOE KBAHTOBO-XMMHUUYECKOE MOJe-
JHMpOBaHME HAHOYACTHUL CHJIMKAaTa MarHU4 IIPO-
BOJM/IH B IIPUKJIAAHOM IaKeTe mporpaMmm QChem
C MCIIOJIb30BaHHUEM MOJIEKYJISPHOIO pelakTopa
IQmol. KBaHTOBO-XMMHUYeCKHEe ITapaMeTPhl pac-
CYHUTBIBANIHU Ha 060pyAOBAaHUH LIeHTPa 06paboTku
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Mathematical processing of the experimental
data was performed using the application programs
OriginPro 2021 and STATISTICA 12.

RESULTS

In the first stage, the magnesium silicate nanopar-
ticle samples were examined by PEM microscopy.
The results are shown in Fig.2.

Thus, during the examination of magnesium sili-
cate nanoparticles PEM-micrographs were obtained
in dark-field mode, characterizing the shape and
size of the particles.

The synthesis of magnesium silicate nanoparti-
cles was further optimised. By means of neural net-
work processing and machine learning we obtained
mathematical model describing mutual influence
of synthesis process parameters on average radius
of copper silicate nanoparticles. Based on the gen-
erated mathematical model, a ternary surface was
formed, which is shown in Fig.3.

The analysis of the data obtained showed that
two areas can be distinguished in the ternary sur-
face: with the largest and smallest average particle
radius.

In the next step, quantum-chemical computer
simulation of magnesium silicate nanoparticles was
carried out. The results are shown in Fig.4.

Thus, computer quantum-chemical simulations
yielded a model of the molecular complex, electron
density distribution, as well as models of the higher
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Puc.2. M3M-mukpopomozpadus HaHo4acmuu, MgSiO; 8 mem-
HONOABHOM pexxume

Fig.2. TEM micrograph of MgSiO; nanoparticles in dark field
mode

nauHbX (Schneider Electric) @TAOY BO "CeBepo-
KaBKa3cKUM peepanbHBIN yHUBEPCUTET .

MarteMaTtu4eckyo o06paboTKy I3KCIIepPHUMEH-
TaJIbHBIX JAHHBIX IIPOBOJH/IH C UCIIONb30BAHHUEM
NpPUKJIAAHBIX IakeToB nporpamm OriginPro 2021
U STATISTICA 12.

PE3Y/IbTATDI

Ha nepBoM 3Tame o6pa3ubl HAHOYACTHUL, CHIIH-
KaTa MAarHHS HcCclaemoBalu Mertongom IIDOM-
MHUKPOCKONHHU. Pe3ynbTaThl NpenCTaBeHBbl
Ha pHuc.2.

TakuMm obpasom, B X0Je HCCIeJOBAHMUS HAHO-
YaCTHIL CHUJAHMKATa MAarHusg Hoaydyujaud II9M-
MHKpodoTOrpaduu B TeMHOIIOJIBHOM pPeXHMe,
XapakTepusymouire GopMy U pasMep YacTHULI.

Janee MpoBOAM/IH ONTHMHU3ALHIO CHHTe3a
HaHOYACTHI] CUJIMKAaTa MarHug. C IOMOIIbIO HeH-
poceTeBo¥ 06paboTKH U MAIIKWHHOIO 0O0y4eHUS
IIOYYH/IM MaTeMaTUYeCKYI0 MOJe/b, OIIMChIBAIO-
Y10 B3aHMHOe BIHMSIHMEe TeXHOJIOIMYeCKUX I1apa-
MeTPOB CUHTe3a Ha CpeHUH PafHUyC HAHOYACTHI]
cunuKkaTta Mefgu. Ha ocHoBe cOpMHUPOBAHHOU
MaTeMaTHYeCKOH Mofienu 06pa3oBaly TEpHAPHYIO
IIOBePXHOCTh, KOTOpas IMpeacTaBleHa Ha pUC.3.

AHaIHU3 MOJIYUYeHHBIX JaHHBIX IIOKa3aj, 4TO
B TePHAPHOM [IOBEPXHOCTH MO>KHO BBIAEIHUTDH A Be
obmacTu: ¢ HaubONBIIUM M HANMEHBIIHUM CpeJ-
HHUM paJHuyCcoM YacCTHII.

Ha cnepyrmomem 3Tame MNPOBOOH/IU KOMIIBIO-
TepHOe KBAHTOBO-XMMHUYECKOe MOJeTHUPOBaHUE

Gy Monb/n | mol/l
400 000

350000
300000

£ 250000
g 200000
o 150000
100 000
50 000

Puc.3. TepHapHas nogepxHocmb, onucblisarow,as sAusiHUe KOH-
ueHmpauuu npekypcopa, memnepamypbl CUHMe3a U ckopocmu
nepemeLwU8aHusi Ha pamep 4acmuy, CUAUKAMA MAzHusl

Fig.3. Ternary surface describing the effect of precursor concen-
tration, synthesis temperature, and rate of change on magne-
sium silicate particle size

populated molecular orbital and the lower free molec-
ular orbital.

In the following step, the samples were examined
by infrared spectroscopy. The IR spectrum of magne-
sium silicate nanoparticles is shown in Fig.5.

The analysis of the results showed that the IR
spectrum of magnesium silicate nanoparticles
shows bands characteristic of bond vibrations in the
MgSiO; molecule.

DISCUSSION

The analysis of the PEM microscopy results showed
that particle structure is represented by large aggre-
gates with sizes ranging from 150 nm to 2 pm. In turn,
these aggregates consist of magnesium silicate nano-
spheres with diameters ranging from 10 to 20 nm.

After studying dispersion characteristics of magne-
sium silicate nanoparticles we analyzed obtained ter-
nary surface, which is shown in Fig.3. It was found
that the smallest radius (700 nm) have samples that
were obtained at the following parameters: synthesis
temperature - 50 °C, stirring speed - 600 rpm, the pre-
cursor concentration - 0.5 mol/l. In turn, the results
of sample study by dynamic light scattering showed
the average size of aggregates consisting of nanoparti-
cles of spherical shape. This fact was confirmed by the
transmission electron microscopy results.

Having determined the optimal synthesis param-
eters, computer quantum-chemical simulations of
magnesium silicate particles themselves were per-
formed. The calculations showed that configuration
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a

%6

Puc.4. Pesynbmamsl modeauposarusi monekynbl MgSiO;: a — modenb MonekyasspHo20 komnaekca; b - pacnpedenerue 3neKmpoHHOU
NAOMHOCMU; C = 8bICLIAS 3dCeAeHHAs MoAeKyAsipHasi opbumanb HOMO; d — Hu3was c60600Has MoaekyasipHasi opbumanb LUMO
Fig.4. Modeling results of the MgSiO; molecule: a — molecular complex model; b - electron density distribution; c — highest occupied
molecular orbital HOMO; d - lowest unoccupied molecular orbital LUMO

HaHOYaCTHI] CU/IMKAaTa MaTHU . Pe3yabTaThl Ipef-
CTaBJIeHBI Ha PUC.4.

TakuM ob6pa3oM, B pe3yabTaTe KOMIIBIOTEPHOTO
KBAaHTOBO-XMMHYECKOTO MOJeJTHPOBaHHUS IOy~
YU/IW MOJelb MOJIEKY/ISIPHOTO KOMIIJIeKca, pac-
NpefesieHHe 3JIeKTPOHHOM MJOTHOCTH, a TakKKe
MOJenH BBICIIEH 3aceleHHOM MOJEKYJISIpPHOU
opbuTtanu u HU3IMEN CBOOGOLHOM MOJEKYISIPHOMN
opbuTanu.

Ha crnepymoomem 3Tamne o6pasibpl McCleJ0BalU
meTogoM HMK-criekTpockonuu. MK-cmekTp HaHOYa-
CTHI] CU/IMKAaTa MarHUs IIpeJCTaB/IeH Ha PHUc.5.

AHaH3 pe3yJbTaToB II0Ka3aj, uYTo B MK-criekTpe
HAaHOYAaCTHI CHJIHMKATa MarHus HabnomamoTcs
IIOJIOCHI, XapaKTepHBble AJs KonebaHUM CBsi3eH
B Mosiekysie MgSiO;.

OBCYXAEHUE

AHanu3 pe3ynbraToB [IDM-MUKPOCKOIMH II0KA3aJl,
YTO CTPYKTYypa YaCTUIL IIpe/CcTaBjeHa KPYIHBI MU
arperataMi Cc pasMepaMu oT 150 HM 10 2 MKM.
B cBOI0O ouepenb, 3TU CKOIJIEHU S COCTOAT M3 HAHO-
coep cuIMKATA MarHUs, JHAMeTP KOTOPBIX BapbHU-
pyetcs ot 10 mo 20 HM.

M3y4uB SUCIEPCHBIe XaPaKTePUCTUKHU HAHO-
YaCTHUI CHJIMKAaTa MarHus, IpoaHaJIM3UPOBaIHU
[I0JIy4YeHHYI0 TePHAPHYIO IIOBEPXHOCTh, KOTOpasd
IpencTaBieHa Ha pUc.3. YCTAHOBJIEHO, YTO HaH-
MeHBIIHUM paguycoM (700 HM) 06agaroT o6pasisl,
KOTOPBIE II0JIYy4YeHBbI IIPHU CIeAYIOIIMX [IapaMeTpax:
TeMIepaTtypa cuHTesa - 50 °C, CKOpPOCThb IHepeMe-
mHBaHUSA - 600 06/MUH, KOHLIEHTPALIKS IPEKyP-
copa - 0,5 Moab/I. B cBOI0O odepenb, pe3yJlbTaThl
Hccae0BaHUS 06pa3lioB MeTOLOM JHHaMHUUe-
CKOTO paccesiHHUS CBeTa IIOKa3alu CpeJHHUH pas-
Mep arperaToB, COCTOSAIIMX M3 HaHOYACTUIL ChHe-
pudeckour ¢popmbl. JaHHEIM GAKT IOATBEPXKAAETCS

oM e 33—
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energy was E = -709.302 kcal/mol, Ey;qp0 = —0.396 eV,
Eiymo = —0.015 eV. From these data we calculated
chemical stiffness of the molecule which was equal
ton = 0.191 eV. This fact indicates the stability of the
molecular complex as 1 > 0.1 eV and the relative soft-
ness of the moleculeas S=2.62 eV

After studying the quantum-chemical values, the
obtained samples were examined by infrared spec-
troscopy. IR spectrum analysis of magnesium sili-
cate nanoparticles showed presence of intense bands
of strain vibrations of the following bonds: at 500 to
1800 cm; the region at 532 to 677 cm! corresponds
to metal-oxygen vibrations of the magnesium Mg-O
bond, at 829 and 896 cm™ to symmetrical vibrations
of the O-Si-O bond, the region at 974 to 1118 cm™! cor-
responds to vibrations of the Si-O bond, at 1327 and
1382 cm™! to vibrations of the Si-O-Si bond, the band
at 1510 and the region 1633-1672 cm™ correspond to
vibrations of the Si-O bond. Thus, it can be concluded
that in infrared spectrum one observes characteristic
absorption bands which correspond to bond vibrations
in the MgSiO, molecule.

CONCLUSIONS
Thus, magnesium silicate nanoparticles were obtained
in this work. The size and shape of the obtained par-
ticles were investigated by PEM microscopy. The anal-
ysis of obtained results showed that the samples sur-
face is represented by large aggregates. In turn, the
aggregates consist of spherical magnesium silicate
nanoparticles with sizes ranging from 10 to 20 nm.
The next step was to optimise nanoparticle synthe-
sis. Using neural network processing of experimental
data and machine learning, a ternary surface describ-
ing mutual influence of the synthesis process param-
eters on the average particle radius was obtained. The
size was determined by dynamic light scattering. It



NANOTECHNOLOGIES

pe3y/ibTaTaMU NPOCBeYHBAKINEH 3JIeKTPOHHOM
MUKPOCKOIIHUH.

Onpepenus ONTHMAJIbHBIe IIapaMeTPhl CHH-
Te3a, INPOBe/JHM KOMIbIOTePHOe KBAHTOBO-XMMHU-
YyecKkoe MOJeJIHMpOBaHHEe CAMHUX YaCTHUL, CHIIH-
KaTa MarHus. B pesyjnbTaTe pacyeToB ycCTa-
HOBJIEHO, YTO 3HePTrHUs KOHPUIYPalLlMK COCTa-
Busa E = -709,302 kkayn/monb, Egopo = —0,396 3B,
Eiumo = 0,015 3B. Ha ocHOBe MOTy4YeHHBIX JaHHBIX
pacCUMUTaIH XUMHUYECKYIO KeCTKOCTb MOJIEKYJIBI,
KoTOpas cocTaBuaa n = 0,191 3B. JaHHBIN daKT
TOBOPUT O CTAabHUIBHOCTU MOJIEKYJISPHOTO KOM-
IJIeKca, Tak Kak 1 >0,13B 1 OTHOCHTeIbHOU MSITKO-
CTH MOJIEKYJIBI, TAK KaK S = 2,62 3B,

M3y4uB KBAaHTOBO-XHMMHUYeCKHe [IOKa3aTesH,
nojydeHHble 06pa3lbl MCCIEAOBATU C IIOMO-
mp0 MK-cmexkTpockonuu. AHanus HMK-crmekTpa
HaHOYACTHUL, CHJIMKAaTa MarHU4 IIOKa3aj Haju-
Yyhe MHTeHCHBHBIX I0JIOC JedOpMalMOHHBEIX
KosebaHUU CHefyWIIUX CBs3el: B obiactu
oT 500 o 1800 cm™; obacTh oT 532 10 677 cmcooT-
BeTCTBYyeT KoJiebaHUSIM MeTaJI/IKUCIOPOAHBIX CBSI-
3el MarHusg Mg-O, Ha 829 u 896 cm™! - cuMmMe-
TPUUYHBIM KonebaHusAM cBsi3u O-Si-O, obnacTs
0T 974 1o 1118 cMm ™! cooTBeTCTBYeT KoslebaHUSIM CBSI3HU
Si-0O, Ha 1327 1 1382 cMm! - kosebaHu 4 cBa3u Si-O-
Si, mosoca Ha 1510 u ob;acth 1633-1672 cm™! coot-
BeTCTBYIOT KoslebaHHUSAM cBsi3U Si-O. Takum obpa-
30M, MOKHO 3aKJIIOUHTh, 4TO B K-criekTpe Habio-
JAIOTCS XapaKTepHBbIe II0I0CHL IIOIJIOIeHU s, KOTO-
pble COOTBETCTBYIOT KOJIeOAaHUSIM CBsI3el B MoJIe-
Kyne MgSioO;.

BbIBOJbl
TaxuM 06pa3oM, B xo/ie paboTHI IONYUUIH HAHOYA~
CTHLBI CHIMKATa MarHud. Pa3smep u popmy Ioiy-
YeHHBbIX YaCTHIL, UCCIeg0Ba/Ik C IIOMOI b0 II9M-
MHUKPOCKOIIKMH. AHAJIU3 II0JIyYeHHBIX pe3y/JbTaToOB
[I0Ka3aJI, YTO IIOBEPXHOCTH 06pa3IoOB IIpenCTaB-
JleHa KPYIIHBIMU arperataMu. B cBow ouepens,
arperaTsl COCTOAT M3 cheprHUYeCKHUX HAHOYACTHUIL
CHJIMKaTa MarHus ¢ pasMepaMu oT 10 7o 20 HM.
Ha cnenyrmpomeM 3Tame IIpOBOAMIHN ONTHMM3A-
LIMI0 CUHTe3a HaHodacTUl. C MIOMOIIbI0 HeHPO-
ceTeBOM 06paboTKHM 3KCIIEpUMEHTANBHBIX JaH-
HBIX U MAIIMHHOIO 0Oy4YeHUS IIOJNYUYUIU Tep-
HapHYIO [IOBEePXHOCTh, OMKMCBHIBAIONIYIO B3aHMHOE
BIIMSIHUE TeXHOJOIMYeCKHUX IMapaMeTpPOB CHH-
Te3a Ha CpeJHHUM pajUyc dyacTUl. PasMmep ompe-
Jensiiu MeTOAOM AMHAMHUYECKOTO pacCessHHUI
CBeTa. YCTAHOBJIEHO, YTO OIITHMAJIbHBIMH IIapa-
MeTpaMHU CHHTe3a HAaHOYACTHI] CUJIMKAaTa MaTrHU s
ABJISAIOTCA: TeMIepaTypa cuHTe3a - 50 °C, CKOpOCTh
nepeMeImnBaHUSA - 600 06/MHUH, KOHIIEHTpaLlUs
npekypcopa - 0,5 MOJIB/JI.
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Puc.5. MK-cnekmp HaHodacmuy MgSiO;
Fig.5. IR spectrum of MgSiO; nanoparticles

was found that the optimal synthesis parameters of
magnesium silicate nanoparticles are: synthesis tem-
perature - 50 °C, stirring speed - 600 rpm, and precur-
sor concentration - 0.5 mol/l.

Further quantum-chemical computer simulations
of magnesium silicate particles were performed. As a
result of calculations, a model of molecular complex
with electron density distribution, Eyqyo and E;yuo
was obtained. It was found that configuration energy
was E =-709.302 kcal/mol, the chemical stiffness value
n = 0.191 eV and softness value S = 2.62 eV'1. Thus, it
can be concluded that MgSiO; has high stability and is
characterized as a relatively soft molecule.

In the final stage of the work, the nanoparticle
samples were examined by infrared spectroscopy.
The results showed that in the infrared spectrum of
the particles characteristic absorption bands were
observed, which correspond to bond vibrations in the
MgSiO; molecule.
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Hanee mpoBelHd KOMIIBIOTEPHOE KBAaHTOBO-
XUMHYECKOe MOLEIHPOBAHHE YAaCTHI[ CHUIH-
KaTa MarHus. B pesynpTrare pacyeToB II0OJY-
UMM MOJEe/JIb MOJIEKYISAPHOI0 KOMIIJIeKCa C pac-
npenejeHUeM 3JIeKTPOHHOMU IJIOTHOCTH, Eyomo
U E;ypmo. YCTAHOBJIEHO, YTO 3HEPTUsI KOHPUIYpa-
LIUU cocTaBuaa E = -709,302 KKajI/M0OJIb, BeJIHYMHA
XUMUHYeCKOHN XeCcTKOCTHU 1 = 0,191 3B, a MArKoO-
CTH - S = 2,62 3B7L. TakuM 06pa3oM, MOKHO 3aKJIIO-
4uTh, 4TO MgSiO; o61amaeT BBICOKOM CTAbUIBHO-
CTBIO M XapaKTepH3yeTCs, KaK OTHOCUTEIbHO MST-
Kas MOJIeKyJa.

Ha 3ak/I04YHTeNbHOM 3Tare paboTsl 06pasiibl
HaHOYaCTHUL] UCC/Ie0BAJIN C [IOMOLIbI0O HHPPaKpac-
HOM CIIeKTPOCKONHKHU. Pe3yNbTaThl IOKa3aau, 4YTO
B UK-cneKkTpe 4acTUI HAbIIOLAOTCS XapaKkTep-
HBbIe I10JIOCHI IIOIVIOLIeHM I, KOTOPbIe COOTBETCTBYIOT
KonebaHHUSIM CBs3el B MosieKysie MgSiO;.
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