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B pabGore chopmynaupoBaHbI TpeOOBaHUS K MaTepuajaM M MeTOZaM HCCJIe-
IOBaHW, KOTOPbIe HEOOXOAUMMO COOJIIONATH IPU CO3MaHUU OMOCOBMECTUMBIX
HAHOKOMIIO3UTOB, HCIIOJb3YeMbIX B KaueCTBe BEKTOPHBLIX CHCTEM HAaIpaB-
JIEHHOUW [OCTaBKU JIEKapCTB B OMyXOJeBble KJeTKu. Ha mpumepe wuccieno-
BaHMS MATHATOYIIPABJISIEMBIX HAHOYACTUI[ MATHETHUTA IIOKA3aHA BO3MOK-
HOCTHh KOHTPOJISI COCTaBa, pasMepoB U (hOPMBI YACTHI[ B IIpOIecce IMOoJyue-
HUSA HAHOKOH'BIOTATOB [AJISI IPUMEHEHUA UX B OHKOJIOTHH.

B pobGori chopmysboBaHO BMMOTYM 0 MAaTepisaiB i meTon mocaig:KeHHS,
AKNX HeoOXiHO BMKOHYBAaTU IIPW CTBOPEHHi 0iocyMiCcHMX HaHOKOMIIO3UTIB,
III0 BUKOPHWCTOBYIOTHCA B SIKOCTI BEKTOPHUX CHCTEM CIIPSIMOBAHOIO TPAHC-
nopTy JiKiB fo nyxauwHHUX KiaiTuH. Ha npuksaazni mociifkeHb MarHeTOKe-
POBaHUX HAHOYACTMHOK MATHETUTY MOKAa3aHO MOYKJIMWBICTH KOHTPOJIIO CKJA-
Iy, po3MipiB i (hopMH YACTUHOK y IIPOIeci ofep:KaHHSI HAHOKOHBLIOTATIB IJIsd
3aCTOCYBaHHSA iX B OHKOJIOTiI.

The requirements are formulated for materials and methods of investiga-
tions, which must be followed when creating biocompatible nanocompo-
sites to be used as vector systems to deliver drugs into tumour cells. Tak-
ing the study of the magnetically governed nanoparticles of magnetite as
an example, the possibility to control the composition, size, and shape of
particles during the process of fabrication of the nanoconjugates for ap-
plications in oncology is shown.
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1. BBEJEHUE

WccaenoBaHusa HAHOPAa3MEPHBIX CUCTEM U MaTePUAaJIOB B KoHIle 20-TO U B
HavaJie 21-r0 BEeKOB IOJYUMJIN OOJIBIIYIO MMOAAEP:KKY B MUPEe N3-3a IIep-
CHEKTUBBI X IPUMEHEHUA B PA3JIMYHBIX 00JIaCTIX HAYKU U TeXHUKU, B
TOM umcje u B MeguiiuHe [1]. 9Tu mcciegoBanmsa UMEIOT KOMILIEKCHBIN
XapakTep M BBIMIOJHAIOTCS IIPU ydacTum (PU3UKOB, OMOJIOTOB, MaTepua-
JIOBEZI0OB, XMMUKOB-TEXHOJIOTOB, MeAuKOB. [0 Mepe pasBuTusa HaAHOTEX-
HOJIOTUH 1 yBeJWYEHUS KOJMUYECTBA BBIIYCKAEMOU U Peain3yeMoOi IIpo-
IYKIINY OUYeHb Ba*KHBIMU CTAHOBATCS: BHIPAOOTKA €TMHOM MeXKIyHAPO.I-
HO NIPU3HAHHOU TEPMUHOJIOTUHN U CTAHAAPTOB U3MEPAEMBIX XapaKTepu-
CTUK HAHOYACTHUII; o0ecIeueHre BBITTOJTHEHUA TPeOOBAaHUM CUCTEMbBI Ka-
yecTBa u 6esomacHoctu [2]. Corsaacuo ompenenenuio (ISO/TS 27687):
HAHOTEXHOJIOTUY BKJIOUAIOT Pas3paboTKy, XapaKTepus3aluio, ITPOU3BOI-
CTBO U TIPUMEHEHNE CTPYKTYP, YCTPOUCTB U U3MEPUTENBLHBIX CUCTEM IIO-
CpeIcTBOM KOHTPOJISA (OPMBI M pasMepoB MaTepHANbLHBIX OOBHEKTOB B
"HanoMmeTpoBoM (1-100 mM) amamasoHe maMepeHui. HaHoTexHoJgorum
TaKk/Ke BKJIIOUAIOT M3yUYeHHe KaK MOP(OJOrmYecKux, Tak U (Gpusumko-
XUMHUYECKUX CBOWCTB CTPYKTYP, CUCTEM U MaTEPHAJIOB C Pa3MepPOM B OJI-
HOM ITPOCTPAHCTBEHHOM HAIIPABJIECHUU WU C TOUHOCTHIO IMPOU3BOACTBA
meree 100 aM. YKas3aHHBIN AUAIA30H PAa3MEPOB OTAEJbHBLIX CUCTEeMHBIX
KOMIIOHEHTOB II03BOJISIET IIOJYYaTh MX HOBbIE (DYHKIIMM U CBOMCTBA IJIs
YIYUIIIEHU YKe CYIEeCTBYIOIIUX ITPOAYKTOB 1 IPUMEHEeHNH, NI paspa-
0OTKY M MpUMeHEeHNe HOBBIX (hYHKIIMOHAJIbHBIX HAHOMATEPUAJIOB HA MO-
JIEKYJISIPHOM YPOBHE.

OxHUM W3 MPUOPUTETHHIX HAIPaBJIeHUN QYHIAMEHTAJIbLHBIX U HPU-
KJIQAHBIX MCCJIETOBAHUI B COBPEMEHHO OHKOJIOTUH SIBJIAETCS CO3TaHMe
HOBBIX ITPOTHMBOOMNYXOJIEBBIX IIpemapaToB. OTcyTcTBHe M30UpATETbHO-
CTU JeHCTBUSA W3BECTHBHIX IPENapaToB M MX BBICOKASA OOIad TOKCHUY-
HOCTD 3aCTaBJISET HCCJEeN0BaTEeJeH BLINOJIHATh KaK JaJbHEHIIINA IONUCK
HOBBLIX COEIUHEHWH, TaK M YCOBEPIIIEHCTBOBAHNE JIeUeOHBIX (OPM yoKe
CYIIECTBYIOIITNX JEKAapPCTB.

Boabioit HayyHBITI MHTEPEC IIPECTABJIAIOT MCCJIEeIOBAHUA IO Mar-
HUTOYIIPABJIAEMON HOCTAaBKe JIEKAPCTBEHHBIX IPEapaToB, MHKATICYJIH-
POBaHHBIX B OMOCOBMECTHMYIO CpPely BMeCTe ¢ MAarHUTHBIMM HaHOYa-
crunamu. IlocnenHre MO3BOJIAIOT C MOMOINBIO BHEITHETO MATHUTHOTO
MOJIA AUCTAHIIMOHHO KOHIIEHTPUPOBATHL MATHUTHBIE HOCUTEJU B JIO-
KaJIbHBIX OMOJIOTMYECKUX CTPYKTYpax IIPU CO3TAHUU BEKTOPHBIX CH-
CTE€M AOCTAaBKHU JIEKAPCTB B OIIyXOJeBble KieTKu. OKCHUIHBIE HaHOYA-
ctuilsl ;Kejaesa (margetut Fe;0,) ob6agaioTr 6osee caadbLIMU MArHUTHBI-
MU CBOHCTBAMU II0 CPABHEHUIO C METAJJIMYECKUM JKeJIe30M, OZHAKO,



METOIbI CTAHOIAPTUSAIINM HAHOKOMIIOSUTHBIX MATEPUAJIOB 249

ouM GoJiee YCTONUYMBEI K OKMCJIEHUIO, MeHee TOKCUYHBI U UMEIOT OoJiee
cTabuabHBIE BO BpeMeHU MarHUTHLIe XxapaKkTepucTuku [3—9]. Hna 6uo-
MEIUIIMHCKOI'O IIPMMEHEeHNA HAHOYACTHUIIbI MarHeTuTa MOJIMKHBbI 06.]13.-
IaTh TakuMu cBoiicTBamu [10—-12]:
— CIIOCOOHOCTL 00pPa30BBLIBATHL YCTOMUMBYIO KOJJIOUIHYIO CHUCTEMY B
BOIHBIX PAaCcTBOpaX M APYTUX OMOCOBMECTUMBIX PACTBOPUTEJNSIX C BO3-
MOYKHOCTBHIO BapHaIUM UX (PUBUKO-XUMHUUYECKUX apaMeTpoB [JIsd pe-
IeHnA KOHKPETHBIX 3a/1aU CO3aHNA BEKTOPHBIX CUCTEM;
— IIPEenATCTBOBaHNE arperaiyuy MariuTHBIX HAHOYACTHIL B IIOTOKE 6I/IO-
JIOTUYECKOH! KUIKOCTH;
— obecmeuenmne CTabUIbHBIX BO BPEMEHU XapaKTEPUCTUK HAHOYACTUII
(10 CTPYKTYypE, COCTAaBY, pasMepam U GU3UKO-XUMUUECKUM CBOHCTBAM),
HaAXO0OAIIINXCA B MATHUTHOH HKUIKOCTHU.

Bce sTu TpebGoBaHMA MBI IOMBITAJINCH YUECThL IPH pas3paboTKe Tex-
HOJOTUU (CTAHAAPTOB) IOJYYEeHUs HAHOKOHBIOTATOB HAa OCHOBE Mar-
HETHUTa U IUTOCTATUKA-TOKCOPYyOUIIMHA.

2. TEXHOJOI'ud INOJYYEHUA HAHOROMIIO3UTOB
1 METOJbI UX UCCJEJOBAHUSA

Has1 ymoBiieTBOpeHHUS YKa3aHHBLIX BbIIIEe TpeOOBaHUiI HamMu paspaldo-
TaHA TEeXHOJIOTUSA IOJYUYEeHWS X KOHTPOJIA IIapaMeTPOB HAHOKOMIIO3H-
TOB Ha OCHOBe HamouacTull marfHerura [13]. OHa BKJIIOUaET CJIEeIyIO-
IMe CTaHJAPTHBIE 9TAILI IPUTOTOBJIEHUA U HUCCJIEeLOBaHUSI 00pasIioB:
— XapakTepusalis MCXOIHOr0 HaHOCTPYKTYPHOro Marepuajia (HaHO-
JaCTUILbI MaI‘HeTI/ITa), IIOJIYYEHHOI'0 Pa3sHbIMM MeTOJaMH, C IIOMOIIIBIO
PEHTreHOCTPYKTYPHOTO 1 PEHTTEeHO(A30BOI'0 AHAJIMN30B, 3JIEKTPOHHOIO
mapaMarHUTHOI'O PE30HAHCA, a TaKKe IIPOCBEUYHBAIOIIEll U PacTPOBOiL
DJIEKTPOHHOM MUKPOCKOIINI;
— OTMBIBaHIE B ,Z[I/ICTI/IJIJIPIpOBaHHOﬁ BOoEe HaHOUYACTUI[ MarHetTmura OT
COJIAHOI MATPHUIILI MJIW MHOTO PACTBOPUTENSA; CTAOUIM3AIIUA pPasMe-
POB YaCTHUIL C IIOMOII[bI0 OMOCOBMECTHMOTO ImoJmMepa (IoJuIeKCTPaHa
UJIV XVTO3aHA);
— YJIBTPasBYKOBas 00pabOTKa KOJJIOUIHOTO PACTBOPA C IIEJIbI0 TOCTH-
JKeHUA MOHOLMCIIEPCHOCTH HAHOYACTHUIl; XapaKTepus3alusd HaHOYACTHI]
II0 COCTaBy M pasMepaM B KOJJIOMIHOM PAaCTBOPE C IIOMOIILIO OITHYE-
CKOM CIIEeKTPOCKONNH U JIA3EPHOUN KOPPEJIANMOHHON CIIEKTPOMETPUH ;
— co3JaHue HaHOKOMIIO3MTA HA OCHOBE HAHOYACTHI[ MAarHeTHUTa U
IATOCTATHKA, MHKAIICYJIUPOBAHHLIX B (DOCHOJUIUIHYIO 000J0UKY, —
MMoJyYeHre JUIIOCOMAJbHON (hOPMBI; KOHTPOJbL (hOPMEI, PasMEPOB U
coCTaBa JIMIIOCOM C IIOMOINBIO CKAHUPYIOIIEro, TYHHEJIHbHOrO WM aTOM-
HO-CHJIOBOTO MUKPOCKOIIOB, JIA3€PHOM KOPPEJIAIMOHHON CIEeKTPOMET-
puH, JKUIKOCTHOM XpoMaTorpa)uu M Macc-CIIEKTPOMETPHUH.

B Hammx umcciemoBaHMAX KCIOJH30BAJICA PACTBOD IIOJHMEpa IIo-
JNAECTPaHa, KOTOPBIM MOAU(MUIINPOBAJ IIOBEPXHOCTh HAHOUACTHUIL Mar-
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HeTUTAa U MIPEIATCTBOBAJ UX arperanuu B 6ojiee KpyIIHbIe YacTUIIbI. [lo-
HOJITHUTEJIbHON BasKHOM (QYHKITMEN MOKPBITUA HAHOUACTUIL II0OJTUMEPOM
SIBJISETCSA TOBBINIIEHWE WX OMOCOBMECTHMOCTH. Y CTAHOBJIEHO, UYTO IIO-
KPBITHE TOJUAeKCTPAHOM MW XNTO3aHOM HAHOYACTHUIl MAarHETHUTA IIpe-
MATCTBYET WX OIICOHM3AINU KJIETKAMHU PEeTUKYJI0-dHIOTeIUATLHON CH-
CTeMbI IPU BBEJIEHUU B KPOBAHOE PYCJI0. AJTbLTepHATUBHBIM BAPHUAHTOM
TOCTHKEeHUA OMOCOBMECTHUMOCTH SABJIAETCA 3aKJIIOUeHNe HAaHOUYACTUIL B
ochonunmuaHBINA OUCI0H — CO3AAaHNE MAaTHUTOYIPABISIEMbBIX JIUIIOCOM.
PentrenonugpakiiuoHHble HCCIETOBAHUA CTPYKTYPLI MCXOTHOTO Ma-
Tepruaja MarHeTUTa OBLIM BBIIIOJHEHBI HA aBTOMATHU3UPOBAHHOM [IH-
dpaxromerpe [IPOH4-07 (usroroBurenb — «BbypeBecTHUK » , Poccus).

HUcnonbzoBanocsy maayuenmne CuK, (mamHa BoaHbl 0,154 M) mpu
ycaoBuax GorkycupoBKH mo Bparry—BpenTtano (¥ — 29) (20 — Oparros-
ckuit yroJ). Tok 1 HaIpsAKeHUe Ha PEeHTTeHOBCKOII TpyOKe MMeJaHn 3Ha-
yenusa 20 MA u 40 kB, coorBeTcTBeHHO. OOpa3Ilbl CHUMAIN B PEXKIIME
HeIpepsIBHOM peructpanuu (ckopocts 1,0°/Mun) B tmanasone yriaos 20
ot 20 mo 75°.

Cucrema aBromartmsarnuu [IPOH-4-07 BKoyaeT: MUKPOIIPOIECCOP-
HBII KOHTPOJIJIEDP, 00ecleunBAaIONNi yIIpaBjaeHne OU(PPaKTOMETPOM U
coxXpaHeHUe Pe3yJbTaTOB aHau3a, OJOK (OyJbT) yIpaBJeHUs TOHUO-
metpoMm I'VP-9, ucnosb3yemulii Ipu HaJagKe 1 I0OCTUPOBKe, IBM, mpo-
TPaMMHEBIN HaKeT MOAJePKKY 9KCIIePUMEHTa 11 06paboTKU Pes3yIbTaTOB
DIFWIN-1 (paspabotunk — TOO «9dramoun IITI]», Poccus).

IKcIepuMeHTaJIbHbIe PEe3yJbTaThl aBTOMATHUYECKU IIepelaBajiiuch
YIIPaBJAIONIEN 3JIeKTPOHUKON mudpaxTomerpa Ha 9BM B yKasaHHBIHI
BBIIIIE IIPOTPAMMHBIA HaKeT, I'le MPOUCXOAuJa HpeaBapuTeJbHas 00-
paboTKa IMOJYUYEeHHBIX AAHHBIX. Ia uaeHTUGUKAIINYN KpPHUCTAJINYE-
ckux (a3 IMPOM3BOAMJACH JajbHeHIasa Iepegava AAHHBLIX W3 IIaKeTa
DIFWIN-1 B mporpammusbiii maxker Crystallographica Search—Match
(Oxford Cryosystems, www.crystallographica.co.uk).

UpenTuduramusa JIUHUN PEHTITEHOBCKOTO CIIEKTPa BBIIOJHAIACD

IpU YCTAaHOBJIEHHOM HAJIOMKEHUU OTrpaHMUYeHUIl Ha DJIEeMeHTHBIN Cco-
cTaB obpasila myTéM aBTOMATHUYECKOTO CPABHEHUS IIOJYUYEHHBLIX pe-
3yJILTATOB C KapToukamu 0asbl maHHbIX Powder Diffraction File 2 ¢
HocJenyIolneil pyYHoil BEIOOPKOIA.
PacTpoBas 9jIeKTPOHHAA MHUKPOCKONMUS C PEHTT€HOBCKUM MHUKPOAaHa-
au3oM ObLa peanmsoBaHa Ha mpumbope PEMMA-102 (SELMI, Ykpau-
Ha). [Ipubop mo3BoJIAEeT BU3YAJIU3UPOBATh MOBEPXHOCTEL 00pasiia B IITH-
POKOM Arama3oHe YBeJUUYeHUI ¢ paspeleHueM mopaasxka 10 uM 1 moay-
yaTh JaHHLBIE 00 9JIEMEHTHOM COCTaBe M3 aHAJIN3a XapaKTePUCTUUYECKUX
PEHTTeHOBCKUX CIIEKTPOB, BO30YIKIaeMbIX 3JIEKTPOHHBIM 30HIOM.

WNszobpaskenue ¢ yBeaunueHueM X1000 OBLI0 mOJIyUEHO B PEIKIIME DMIIC-
CHMM BTOPUYHBLIX 3JE€KTPOHOB. BTOpHMUHBIE 3J€KTPOHBI 00ECIIeUNBAIOT
MAaKCUMAJbHYIO II0 CPABHEHUIO C APYTHMU CHUTHAJIAMU Pa3pelrnarollyio
crocobHOoCTh mopAaka 5—10 uM. ITosTomMy OHM ABJIAIOTCS B PACTPOBO
SJIEKTPOHHOM MUKPOCKOIHNU TJIABHBIM HCTOYHMKOM WH(MpOpMAIIUU I
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MOJyUYeHU N300paKeHns MOBEPXHOCTH 00beKTa. B pexuMe MUKpoaHa-
JIM3a 3JeMEeHTHOTO COCTaBa HAHOYACTHUIL C MCIIOJIb30BAHUEM JHEPTrOIIC-
nepcuoHHOro crmexkrpomerpa EDX (9IAP), aHamuTuuecKuii CUTHAJ
HAKAIIJINBAaJICA B BRIOPAHHBIX TOUKAX IMOBEPXHOCTHM 00pasiia; AJsa Kaauo-
POBOK WCIIOJIB30BaJIM IIITATHBIE STAJNOHHBIE 00pasiibl. O6paboTKa CIeK-
TpOMETPUUECKON WH(POPMAIINY, BLIMOJHEHNE HEOOXOAMMBIX KaJIuOpo-
BOUHBLIX M3MEPEHHl, pacimudpoBKa XapaKTEePUCTUUECKUX PEHTTeHOB-
CKHUX CIIEKTPOB, KAUeCTBEHHBIN M KOJMYECTBeHHBIN aHAJIN3bl BLIIOJIHS-
JIUCH C TIOMOIIBIO TPOTPAMMHOT0 O0ecIleueHusI CHCTeMbl MUKPOaHAIN3a
mpubopa SAP.

IIpocBeunBaomas 3JIeKTPOHHAA MHUKPOCKONMHUS M JJEKTPOHHAS M-
dbpaxkmua. Nccaenyemsurii mopomiok (Fe;O,+ KCl) Hanocuicsa (pacibi-
JISJICA) ¢ IIOMOIIBIO YJIBTPa3BYKOBOro aucnepraropa Y3 H-A ma yrie-
POAHYIO IIJIEHKY TOJNIUHON He 6osiee 20 HM, pa3MeNnIEHHYIO Ha OIIOPHOM
MeIHOU ceTKe nuaMeTpoM 3 MM ¢ pasmepoM Aderku 100x100 mxm. Y-
JepoaHas MJI€HKa Obljaa 3apaHee MMOJIyUYeHa MyTEM KOHeHCAIIIU B BAKY-
yMme Ha noaaoxke NaCl npu momornu Bakyymuoro nocra BYII-5M. 3a-
TeM IIOAJIOMKKY C HAHECEHHOU Ha Heé IIJIEHKOM OCTOPOsKHO ONYCKAaJIu B
COCYy[, 3alOJIHeHHBIN AUCTUJLINPOBAHHOUW Bomoii. Ilociie pacTBopeHUS
HOJI0KKY, YIJIEPOAHYIO ILJIEHKY BbLIABIUBAJNA MEIHO ceTOUuKoM. I1o-
cJie 3TOTO IIPOMB3BOAMJIACH NUCIIePrallua 1 HaHeceHue Ha CeTOUKY HCCJIe-
IyeMOM CyCcIIeH3Uu MarHeTuTa. [IpUroToBIeHHBIE ONNCAHHBIM CIIOCO00M
00pasIihbl MOMEIAaJNCh B BAKYYMHYIO KaMepy MHUKPOCKOIIA U JaJibHei-
IIIe HCCJeNOBaHUS CTPYKTYPHI WM PasMepoOB HAHOUYACTHI] MarHeTHUTAa,
MUKPOAU(DPAKIINA 3JIEKTPOHHOTO IIYyUYKa Ha KPUCTAJJINUTAX BBITIOJHS-
JUCh TPU IIOMOIIM ITPOCBEUMBAIOIIETr0 3JIEKTPOHHOIO MHKPOCKOIIA
IIOM-125K. OcHoBHEIE mapaMeTpsl paboTel MUKpPockona: Uy, = 90 kB,
I,y =100 MKA.

MarauTHble XapaKTepUCTUKU MarHeTHTa W HAHOKOMIIO3UTA Ha €ero
OCHOBE HCCJIeIOBAaJINCh HA BCeX TEXHOJIOTMUECKUX JTallaX IPUTOTOBJe-
Hus ¢ nomoinbio IIIP-ciekrpomerpa ELEXYS, Bruker 480 (uacTtora —
9,876 I'T'11, momgaocTh — 0,02 MmBT, Mogynamnus — 1 Iayce).

KoHTpoab aucmepcHOCTH pas3MepoB U (OPMBI HAHOUYACTHUIL MaruHe-
THUTA B KOJIOMUJHOM PAcTBOpPE U B JIMIIOCOMAX OCYIIECTBJISJICA C IIO-
MOIIIBIO JIA3EPHOTO KOPPENAINUMOHHOI0 M3MEPUTEJs pasMepa YacTHIL
Malvern Nano S mo paspaboranuoii ¢pupMoii MeTOSUKE.

3. OBCYXRIEHHUE PE3YJbBTATOB

Ha pucynke 1 moxkasamo uszobpakeHre KPUCTAJINTOB MAaTrHETUTA B COJISA-
HOM (XJI0puCThIN Kanuii) matpurie (yeeaudenue — xX1000), moryueHHOE ¢
TIOMOIIIBI0 PACTPOBOTO 3JEKTPOHHOTO MUKPOCKOIIA B pPEKUME SMUCCUU
BTOPUUYHBLIX 5JeKTPOHOB. COryIacCHO TAHHBIX PACTPOBOM BJIEKTPOHHON
MUKPOCKOIIUY, 00pasIlbl IPEACTABISIIOT CO00I XaO0TUUYECKOEe CKOILIEHUE
KPUCTAJIMYECKUX UYACTHI], HPEUMYIIECTBEHHO XJOPUCTOrO KaJus C
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Puc. 1. U300pakeHre KPHUCTAJJINTOB MarLerura B coiasaHoit marpuie KCl
(yBenuuenne — x1000), mosyueHHOE ¢ MOMOIIBIO PACTPOBOTO 3JEKTPOHHOTO
MHUKPOCKOIIA B PEKUME SMUCCUU BTOPUUHBLIX SJIEKTPOHOB.

BKpaILIeHUAMUN MarHeTuTa. Bojiee HeTaJbHBIA PEHTT€HOBCKHIM MHUKPO-
aHaJiM3 C HAKOILJIEHHMEM CUTHAJIOB II0 PEr’uCcTPUPYeMbIM KaHajaM (CM.
puc. 2, a, 6) ITI03BOJINJ YCTAHOBUTH COOTHOIIIEHNE MarHeTHUTa U MaTPUILLI
I o0pasIoB, IIOJYYEHHBIX METOAOM JJeKTPOHHONM 60MOapAnpPOBKU
MUIleHel B BAKyyMe U XMMUYECKUM CII0cOO0M — CMeIlInBaHeM PacTBO-
POB XJIOPHOTO M XJOPHUCTOTO Kejesa. [Ipu mepBoM cmocobe MOJIydeHUs
HaHoOuacTHUI MarHerura (puc. 2, @) Ha CIEKTpPOrpaMMe IIPeBaJIUPYIOT
aTOMBI XJiopa U Kajausa — ooJiee 90% u HeOombI0I (mopsaka 4% ) mo uH-
TEeHCUBHOCTU IIMK, COOTBETCTBYIOIIMII aToMaM sKenesa. s Broporo,
XUMHUYECKOT0 CIIocoba MoJydYeHUsA U3 PAcTBOpPA HAHOUYACTUIL MarHeTUTa
xapakTepHo mpeobiananue (6osee 90% ) aToMoB Keses3a Ha GoHe IpuMe-
cell HeyCTaHOBJIeHHOU npupoabl. OTIeIbHO 3aperucTPUPOBaH IIUK, COOT-
BETCTBYIOIIUI aTOMaM KPEMHM .

s upeHTHGUKAIINN KPUCTAIINUYECKONH CTPYKTYPHI HAHOYACTHI]
MarHEeTHUTa HeoO0XOIUMO BHITIOJHUTH PEHTTE€HOCTPYKTYPHBIN aHAJIU3 II0
cxeme Bparra—bBpenTtano. Ha pucyHke 3 mpeacTaBieHBbI Pe3yJabTATHI
PEHTTeHOCTPYKTYPHBIX MCCIAEN0OBaHUII UCXOIHOTO MaTepuajia MarHeTu-
Ta, MOJYYeHHOTO PA3JMUYHBIMMU METOHaMU U C PA3HBIM COOTHOIIIEHUEM
HaHOYaCTUIIa—MAaTPUIA, a TaKsKe CTAaOMJIM3WPOBAHHBIX IO pasMepam
YaCTUIl MAarHeTUTAa C IIOMOIITbIO IMOJUMepa aHTUKoaryasaHTa. Kaxk BugHO
W3 PEHTTeHOBCKUX Au(pPaKTOrpaMM, odpasel] «a» IpeacTaBiaseT coboi
maraetutr (Fe;O,) ¢ HOBOJIBHO KPYIHBIMU pasMepaMU KPUCTAJLINUTOB
(DuKY CpaBHUTEJNbHO y3KUEe U MHTEHCUBHBIE); o0paserr «b» COCTOUT 3
xopoirro 3axpuctawindoBanuoi gpasel KCl (JCPDS Ne 41-1476) co cie-
mamu (mopsigka 4% BecoBBIX) MOHOKpucTadaudeckoro Fe;O, (ciabas u
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Puc. 2. AHanua 5JIeMEHTHOTO COCTaBa B PEKMME MUKPOAHAIN3A C HUCIOJIb30-
BaHUEM sHeproauciepcuoHHoro cmexTpomerpa EDX (3AP) mcxogHBIX 00-
pas3IoB MarHeTUTa, CUHTE3UPOBAHHBIX C IIOMOINBIO: @) BJIEKTPOHHO-JTYIEeBOTO
pacublIeHUsT B BaKyyMe MUINIeHeHl M3 MarHeTuTa U XJOPUCTOTO Kausd; 0)
XUMHUYECKOTr0 CII0co0a — CMeIlMBaHUEeM PaCcTBOPOB.

pasMmbITas auHuA Ipu 35,5° (29) cOOTBETCTBYET IMOIOMKEHUI0 OCHOBHOI
aunauu @assl Fe;0, — JCPDS No. 19-629). O6pasusr «c» u «d» 10 daso-
BOMY COCTaBy IIPEACTaBIAAIOT co00li MOHOKpucramanueckuii Fe;O,
(JCPDS No. 19-629) u KpucTalauTbl MarHeTuTa B KOMIIO3KMTE XHUTO-
3aH/MarHeTuT (COOTHOIIIeHUe KoMIoHeHTOB — 50/50).

Ciienyer OTMETHUTH, UYTO KPUCTAJJINTHI MATHETUTA B KOMIIO3HTE CYIIie-
CTBEHHO MeHbIIle, ueM B uucTtoM Fe;O,. ITOT haKT yKasbIBaeT HA MHIU-
OupoBaHMe XUTO3aHOM — IIOJUMEPHOM MaTpUIleil IPoIeccoB YKPYyIIHe-
Husa Kpuctauiaos Fe;0,. a5 06pasiios «c» u «d», pasMepbl KPUCTAJLIH-
TOB MAarHeTHUTAa, MCXOAA M3 KAUeCTBEHHBIX OIEHOK YIIHPEHMI HUKOB
Iudpakiuu, MOryT 6bITh B mpegenax 20—100 am. CrieKTphI XapaKkTepu-
CTUUYECKOT0 PEHTTEeHOBCKOr'O M3JIYyUEeHUS IMOATBEPIKAAI0OT MPUCYTCTBUE
CJIeIOB OKMCU KPEMHUS B 00pasIle «a», HAPAAY C JOMUHUDPYIOIUM KO-
JIMYECTBOM MATHETUTA U OTCYTCTBHUEM HX B CIEKTpe «C». Harporus, B
IU(PPaKIMOHHOM CIIEKTpPe MCXOJHOTO MArHeTHUTa, MOJYyUEeHHOTO 3JIeK-
TPOHHO-JIYUYEBLIM pacIblieHueM (COeKTp «b»), mpeobiamaioT MUKM, Xa-
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Puc. 3. PerTrenosckue nuhpaKTorpaMMbI NCXOIHOTO MaTepuaga MarHeTUTa 1
MarseTuTcogep:kamux Komnosutos: I — Fe;O,, momydyeHHBIE XUMUYECKUM
nyrém; 2 — Fe;0, B maTpuie KCl, monyueHHbBIH 971€KTPOHHO-IYYE€BBIM PACIIbI-
aeHueM B Bakyyme; 3 — Fe;0,-o0pasern, moMy4yeHHBIN APYTUM XUMUYECKUM
meTomoM; 4 — KOMIIOBUTHBIN MaTepuas xurosaH/Fe;O, (cooTHolleHme —
50/50), T.e. 3acTabMIN3UPOBAHHLIN ITOJIUMEPOM 00paseIrr HaHoKoMmo3uTa. 1H-
nexcamu Musiepa orMeueHs! suHuu margetuta (JCPDS 19-629); cumBosiamu
(®) oTMeueHbl JUHUM MOocTOpoHHUX (das: SiO, (JCPDS 81-65) u comanoii marT-
puis KCI (JCPDS 41-1476).

paKTepHBIE AJA XJOPUCTOTO KaJUA — OTMEUYEHBI COOTBETCTBYIOITNMU
3HAYKaMU, 1 caenoBbie (10 4% ) pedieKchl OT HAHOYACTHI] MATHETHUTA.

IJIEeKTPOHHO-MUKPOCKOINYECKNE CHUMKHK OTMBITHIX B AUCTUJLINPO-
BaHHOM BOJle KPUCTAJJIOB MAarHeTUTa, MOJYYEeHHBIE C IIOMOIIBIO IIPOCBe-
YHUBAIOIIETO 3JIeKTPOHHOTO MUKpPOCcKoIa (puc. 4, yeeaunuernue — xX81000),
MMOKAa3bIBAIOT XaOTUUYHOE PACIIOJIOKEeHNE HAHOKPUCTAJLJIOB MAarHEeTHUTA U
KPUCTAJIINTOB MATPHUIIBI — XJopucToro Kanmsa. OIeHKa cpegHero pas-
Mepa KPUCTAJJINTOB JAET 3HaueHud okoJio 40 am.

Muxkponudpakiiusa 3JIeKTPOHOB Ha OTAENbHBLIX KPUCTAJIAX MarueTH-
Ta (puc. 5, a, 6) ykasnIBaeT Ha CYIIIeCTBOBAHIE KPUCTALINYECKOI (haskl
— HaJIMYNe WHTEeHCUBHLIX pPedIeKCOB U KOHIIEHTPUUECKUX KPyros. Bo-
Jee YETKUEe M300paKeHnA XapaKTepPHBbI AJA MarHeTUTa, MOJIyYeHHOTO
XUMHUYECKUM IIYyTEM. DTO CBUAETEILCTBYET 00 60JIee KPYIIHBIX pasMepax
KPHUCTAJIJINTOB II0 CPABHEHUIO C KPUCTAJJINTAMU, OCAKIEHHLIMU B Ba-
KyyMe u3 ra3oBoii (passl. Hajamuue cjeoB COJMAHON MATPUIILI U3 XJIOPH-
CTOT'0 KaJIUsA TaKiKe IPUBOAUT K PAa3MBIBAHUIO TUPPAKIIMOHHELIX KOJeIl
Y YMEHBIIIeHUIO MHTeHCUBHOCTH Ped)IeKCOB.

Hcnons3ya MmukpogudpaKiuio 3JeKTPOHHOTO JIydya Ha HAHOKPUCTAJI-
Jax, (puc. 5, a) ObLIM BBIUMCJIEHBI MEKIIJIOCKOCTHBIE PACCTOAHUA IJIs
KPUCTAJINYECKOM PEIIETKY MarHeTUTa, OCAKIEHHOI0 U3 Ta30BOM (ha3bl:
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Puc. 4. Vzobparkenne HaHOYACTHUIT MarHeTHUTA CO CJeJaMU COJITHOM MaTpHU-
uel KCl, mosyuyeHHOe C IIOMOIIBIO IIPOCBEUMBAIOIIEr0 3JIEKTPOHHOI'O MUKPO-
ckona (yBemuuernue — x81000).

a 0

Puc. 5. MUKpoaIeKTPOHOrPaMMbI OT HAHOYACTHUIL UCXOTHOT'O MAarHeTuTa, II0-
JYYeHHBbIe C IIOMOIIBIO: @) BJIEKTPOHHO-JIYUYEBOT'O pPACIBLLICHUS B BaKyyMe
MUINIeHell U3 MarHeTUTa U XJOPHUCTOr0 Kajaus; 6) XMMHUYECKUM CIIOCOO0OM —
CMEIIMBAaHNEM PacTBOPOB.

Ay, = 2,67 A, dy =2,33 A, dyy, =1,88 A, d,,, =1,36 A,

Hcnonb3ya MUKPOAUMPPAKIINI0 OT HAHOKPHCTAJIOB MAardeTHUTa, II0-
JYUYEeHHOT0 XMMHUUYECKUM crocobom (puc. 5, 6), ObLIN IIOJYUYEHEI CIETY-
IOII[Ye 3HAYEHUS IJIS MEXKIIJIOCKOCTHBIX PACCTOAHUN KPUCTAJLIINIECKO
PeIéTKM:

Ay, = 2,70 A, dyyy =2,35 A, dyy, =1,90 A, d,, =1,48 A,
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TabmuuHble JaHHBIE MEKIIJIOCKOCTHBIX PACCTOAHUMN IJIA MarHETUTA
Fe;0, ¢ yuéTOoM MHTEHCHUBHOCTHU JUHUN (HauboJiee MHTEHCUBHAS JIU-
HUA mccyexyeMoro oopasmna — D,):

dyso=2,97 A, dgy1=2,53 A, dyyy=2,42 A, dy00=2,10 A.

Haubonee untTencuBHasa Junusa wmarmeruta (Fe;O,) orHOcuTca K
auavu 311 peHTreHOTrpaMMBbI, IIPEICTAaBI€HHON Ha puc. 3.

Pasuuiia smaueHUH MEKIIJIOCKOCTHBLIX PACCTOSHUN MEKIY IOJyUYeH-
HBIMHU U TaGJIMYHBIMY TaHHBIMU IJISI MATHETUTA MOXKeT ObITh 00bsCHEeHA
TaK: BO-IIEPBBLIX, HAJIUUYMEM B rccienyeMoM oopasite npumecu KCl, a Bo-
BTOPBIX, HOTPEITHOCTHIO U3MEPEHU I, BBUAY TOTO, UTO JUHUU Ha MUKPO-
IN(PPaKIMOHHON KapTHUHEe He MMeIOT YETKUX I'PAaHUIIL.

CroexkTphbl 9JIEKTPOHHOTO IIapaMarauTHoro pesoHamca (SIIP), mpen-
CTaBJeHHLIE Ha puc. 6, XapaKTepu3yIOT U3MeHeHA MAaTHUTHBIX CBOMCTB
MCXOJHOTO, HAXOAIIErocsI B COJMAHON KPUCTAINYECKOH MaTpPUIle MAar-
HeTHUTa 1 HAaHOKOMIIO3UTa HA OCHOBE MArHETUTA B KOJJIOUIHOM PACTBOPE
— Mar"suToJuiocomMax. [Iasa oopasiia, IOIyUYeHHOTO0 XUMHUYECK UM ITyTEM
u cogepakalero okoyao 90% xpucraainyeckKkoro MargeTura, cuextp IIIP
uMeeT KJaccuuecKuii Bun (puc. 6, kpuBas 1) 1 nMeeT TaKue IIapaMeTphbI:
pesoHaHcHOe MmarauTHoe moje H = 3174 I'ayce u g-dpaxrop = 2,2278, 1miu-
puHa guuuu 1570 'ayce. 18 KPUCTAJLIUTOB, COAEPIKAIIUX MATHETUT U
XJIOPUCTBIM KaJuii B YKA3aHHOM BBIIIIe COOTHOIIeHHH, curHana IIIP

— T T
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Puc. 6. Cunextpsr JIIP marseruTa nmpu KOMHATHON TeMnepaTrype: KpuBas I —
nopotrok marserura (90% ), mONyYeHHBIH XMMHUUYECKUM IIYTEM M3 PacTBOpPA;
KpuBas 2 — IOPOIIOK MAarHeTHUTa B KPUCTAJLINYECKOH MaTpHUIle XJIOPHUCTOIO
Kajausa; KpuBad 3 — KOJUIOMIHBIH PACTBOP MarHeTUTA B JIMIIOCOMAaX (MarHuTO-
JIUTIOCOMBI).
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YMEHbBIIIaeTCcsA IO BeJIuUnHe, CIeKTp yiupsaerca (puc. 6, KpuBasa 2), cTa-
HOBUTCS aCCUMETPUUYHBIM 1 XapaKTepU3yeTcsa CyYMMapHOU IITUPUHON JIn-
Huu 3404 I'aycc. HauGoabmine nsmernenus IIIP-curaaia HabaomaoTea
s MarHeTuTa B MarauToaunocomax (puc. 6, kKpuBas 3). OH BugousMme-
HuiacA 1mo popMe, B HECKOJIBKO Pa3 YMEHBIIUJICA 10 BeJINUYNHE pacIllell-
JIEHUd, N HNMeeT TaKue XapaKTepPHUCTHKHN: IIINPpHMHa JHHWHN CJIeéBa —
500 T'aycc, cipaBa — 3195 I'aycc; g-haKTop OIpemenTh 3aTPYAHUTEIb-
HO. OTO CBUJETEJIbCTBYET 00 yTepe MariuTHLIX CBOMCTB MarHeTUTAa B JIU-
IMocoMaJIbHOM hopMe U HaKJagbIBaeT orpannueHnd Ha npuMenenue JIIP-
CIHEKTPOCKOIINY AJIA UCCJIEJOBAHMI IIPY KOMHATHOM TeMIIepaType.

ITo-BugnMoMy, HEOOXOAMMO IIOJIB30BATHCA METOAOM IIPAMBIX M3Mepe-
HUU MarHUTHBIX IapaMeTpPOB, HAIPUMEDP, MAarHUTHON BOCOIPUUMYNBOCTH
KOJJIOMJZHOI'O PACTBOPA IIPY IPUTOTOBICHUY HAHOKOMIIO3UTA HA OCHOBE
Mar"HeTuTa 1 I1UTOCTaTUuKa.

Ha pucynke 7 npeacrasiieHbl pe3yJIbTAThl U3MEPEHUI CPETHIX pa3Me-
POB HAHOYACTUI, MarHeTuTa (TUAPOIMHAMUYECKUN TuaMeTp) s HaHo-
Kommosura (puc. 7, a) u MmaruuToaunocom (puc. 7, 0) B CyCIleH3uu. ITU
M3MepPEeHUs BBIMOJHEHBI Ha JIA3€PHOM KOPPEIAIMOHHOM CIEKTPOMETpe-
usmeputeae Malvern Nano S ¢ yriaom peructpanuu 120° B 3agHei moay-
chepe. /119 HAHOKOMIIO3UTA, COJIePIKAIIIer0 MATHETUT U JOKCOPYOUITHH B
JINIIOCOMAJILHOM 000JI0UKe, KPUBAs AUCIEPCHOCTU CO CTOPOHBI MAJBIX
pasMepoB UaCTHUIL uMeeT I1euo B obsactu 30 HM ¥ OCHOBHOM MaKCHUMYM
apu 80 HM. 9TO CBUAETEILCTBYET O TOM, UTO B PACCESIHNN JIa3€PHOTO M3-
JIy4eHHUA y4aCTBYIOT JiBe I'PYIIIIbI YACTUIL C [UaMeTpaMU YKa3aHHBIX pas-
MepoB. 151 MAarHATOJIUIIOCOM PErMCTPUPYETCSA OOHA YIMHPEHHA I10JI0Ca
¢ MakCUMyMOM OK0Ji0 110 HM. VIInpeHMe H0JI0C KaK OIS HaHOKOMIIO3M-
Ta, TAK U AJ MAaTHUTOJUIIOCOM CBUETEJILCTBYET 00 OTKJIOHEHUH OT cde-
PHUYHOCTHU (bOpM]:I HaHOYACTHII. PaGJII/ItIHbIe SHaUYeHUdA Ir'mapogrnHaMnyie-
CKOro JuaMeTpa HaHOYACTHIl HaHOKoMIIo3uTa (okoJsio 80 HM) u fuameTpa
HAHOYACTHUI] MarHeTHUTa, HOJYYEHHOT'O0 C IOMOINbI0 IPOCBEYMBAIOIIEH
SJIEKTPOHHOM MUKpocKomuu (0K0y10 40 HM) MOKHO O0BSICHUTE OPOYHOB-
CKHMM [BM)KEHMEM HAHOYACTHUI[ B KUIAKOCTH M 00pa3oBaHUEM JIMUIIOCO-
MaJILHOM 000JIOUKY B M3IrOTOBJIEHHBIX 00pasIiax HAHOKOMIIO3UTA.

4. BbIBO/J1bI

1. B pesysnbTaTe BHIIOJHEHHBIX MCCIEeNOBAHUII OBLIIO YCTAHOBJIECHO, UTO
YCJIOBUSA TMOJYUYEHUs, cTabuiamsanuu (OPMbl U PasMepPOB HAaHOYACTHIL
MarHeTHUTa CYIIeCTBeHHO BJIMAIOT HAa MX ()a30BBLIM COCTaB, MapaMeTPHI
KPHUCTAJLIINYIECKOI PEITETKH.

2. MuHuMaIbHO HEOOXOAMMbIe METOIbl KOHTPOJIS KPHUCTAJINIYECKOH
CTPYKTYDHI, (ha30BOT0O cocTaBa M pPa3MepPOB HAHOKPUCTAJIJIOB B TBEPAOM
(hase ciemyrolye: PeHTreHOCTPYKTYPHBIN 1 PeHTreHoDas3oBbIil (aMuUC-
CUs BTOPUUYHBIX 3JIEKTPOHOB) aHAJMN3bI, IIPOCBEUNBAIOIIAA U PACTPOBAA
AJIEKTPOHHAS MUKPOCKOIIUA.
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Puc. 7. JlucnepcHOCTh pasMepoB HAHOYACTHUIT MATHETUTA, U3MEPEHHBIX C IIO-
MOIIILIO JIA3EPHOI0 KOPPEIAIMOHHOro cuekrpomerpa Malvern Zetasizer Nano
S: BepXHUH PUCYHOK — HAHOKOMIIO3UT COAEPKUT MATHETUT, JOKCOPYOUIIWH U
JIEOUTHUHOBBIE KaIICYJIbI; HUKHUN PHCYHOK COOTBETCTBYET MarHMTHBIM JIWIIO-
coMam, T.e. COCTOUT M3 MarHeTUTAa B JINIIOCOMAaJILHOM 000/I0UKe.

B mporiecce mpuroroBieHna HAHOKOMIIO3UTOB Ha OCHOBE MAaTrHETUTA U
IUTOCTATUKOB B BUEe 6MIOCOBMECTUMBIX JKUAKOCTEH MJIsT BHYTPUBEHHO-
IO BBEJIEHUSI OHKOJIOTMYECKUM OOJBHBIM HEO0XOAUMO KOHTPOJUPOBATH
(pusuKO-xUMHUUYECKYE CBOIICTBA KOH'BIOTATOB (3apsan 1 GopMy ITOBEPXHO-
CTU JINIIOCOM, UX BHYTPEHHee COJepsKaHune) C IIOMOIIbI0 IIOTeHI[MOMEeT-
pUYeCKUX M3MEPEHUU, ONTUYECKUX M He(eJIOMETPUUYECKUX METOHOB
HUCCJIeIOBAHUA.
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