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Iloy4veHnune KoJIJIOMHOTO pacTBoOpa OoKcHuaa rpadeHa
13 IIPUPOIHOTO YyIJid

IIpedaoocer cnocob noayuenus okcuda 2pagera us npupodHo2o Yyaas 6bilcokol cmaduu Mema-
moppusma. IIposeder anasusd cmpPyKMYypHOLL TAPAKMEPUCTIUK U ONpedeseHv, GYHKUUOHAAD-
HOlE 2PYNNLL NOBEPTHOCTU 0KCUAG 2PadeHa No CPABHEHUI C MAKUMU Y2AePo0CoepIHCAULUMU
MUHEPAAAGMU, KaK 2padum U anmpayum. H3yywenv. 3aKOHOMEPHOCTIU USMEHEHUA INEKMPOKU-
HEMUMECKO20 NOMEHUUAAL HAHOUACTIUY, 0KCUIA 2padera 6 3a6UCUMOCTU 0 6000POOHO20 NO-
xazamens. Onpedeseno AUAHUE INEKMPONOBEPTHOCTIHBLL C80UCME okcuda epadena 6 800HOT
cpede Ha Yemotuusocms €20 KOAMOUOHDLT PACTEOPos.

Karouesvie cao6a: HaHOIACTHILI, OKCHJT Tpadera, aHTPAIAT.

Oxcng rpadena (OT) siBsisieTcst He TOJILKO BaxKHEHIITMM ChIpheM Jjisi cuHTe3a rpadena, HO 1 HaXo-
JIAT BIIOJIHE CAMOCTOSITEIbHOE IPUMEHEHHE B KAUeCTBE MATEPUAJIA JIJIsi HAHOIJIEKTPOHUKH, KOMIIO-
HEHTA TIOJIMMEPHBIX U HEOPTaHMYEeCKUX KOMIIO3UTHBIX MATEPHAJIOB, COJIHEYHBIX OaTapeil, cynep-
KOHJIEHCATOPOB, MeMOpaH, aJicOPOEHTOB, KBAHTOBBIX TOYEK, (PJIyOPECHEHTHOrO MaTephaJa JIjisi
6uostorun u MeuimHeL 1, 2|. B ommuane ot ujeanbHOro Jsimcra rpadeHa, aroMbl yIiiepoja B Ko-
TOPOM HAXOJSTCS TOJIBKO B cocTosHmn sp2-rubpmmusarnuu, O cocront m3 2D ceTKH CBS3aHHBIX
ATOMOB YIVIEPOJIA, HAXOJISIIIXCS B COCTOSIHUM Sp2- 1 sp°-rubpupusanun. Bosbinas gacrs sp-ru-
OpuM3MPOBAaHHBIX aTOMOB yriepoja B OI' KoBajleHTHO CBsi3aHa ¢ KMCJIOPOJIOM B BHJIE SIIOKCHU-
JIHBIX, PHJIPOKCUJIBHBIX 1 KapOOKCHIbHBIX rpyIil. [Ilupokuii naTepec K 3roMy Marepually CBsi3aH
C ero YHUKAJIbHBIMU 3JIEKTPUIECKUME, MEXAaHUIECKUMU, TEIJIOBBIME U OIITUIECKIMU CBOCTBAMU.
Eciu rpaden obiaiaer Bbicokoii mpoBouMoctbio (R 7000-17500 Cm/M [3]) 1 HoABHAKHOCTBIO HO-
curesteii apsana (py, ~ 200 Toic. em?/(B-c) [4]), To OT He sBjIsieTcs S1eKTPHYeCKIM TPOBOIHIKOM
13-3a HADYIIEHHS CETKU MEXKATOMHBIX CBsI3eil IPH sp -rubpuM3aIi, IPIYeM IIHPHHA 3ape-
IIEHHOM 30HBI IIPH KOMHATHOI TeMmeparype coctasiser =~ 1,7 aB [5], upn =~ 0,25 em?/(B - ¢) [6].
osepxuocTHOE conpotubienne (ps) rpadena cocrapmsger &~ 1000 Om/ks. 7], OT — ~ 105 —
— 10" Om/xs. [1]. I'pacben mmeer camyio BHICOKYIO CPEIH TBEPABIX T/ TEIIONPOBOIHOCTD P
koMHaTHOI Temieparype (= 5000 Br/(m - K)), Bbime, gem y amvasa (3320 Br/(m - K)) u oxmo-
cJIOfHBIX yriiepoubix HanoTpybok (3500 Br/(m - K)), remnonposognocrs OI' HamMHOro Huzke
(0,14-2,87 Br/(m - K) [10]). Mozmyns FOura y rpadena cocrasisier 4-10 I'lla, a npemen npo-
groct — 15-33 MIla (3], 3Hauenus srux ke mapamerpos y 6ymaru zHa ocHoBe OI' HeCKOJIBKO
Boimie: 6-42 ['Tla u 15-293 Mlla coorBercBenno. Monocoiinas rpadeHoBast IJIEHKA XOPOIIO
noromaer BuaumMblii ceer — 2,3%. [lnenku, nosnyuennsie u3 cycuensuit OI' (0,5 mr/mi), xapa-
KTEePU3YIOTCs ONTUIECKUM rnpoiryckanueM 96% ua jmmne sosabl 550 uM [1]. Ente oxanm BecbMma
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BaKHBbIM ornrudeckuM cpoiictBom Ol siBsteTcst cobcTBeHHasT (DJIyopeciieHnusl B OJIMKHEN, BU-
gumoit 1 YO obsiacTax. DTO CBOHCTBO OTHOCUTCS K OJIHUM U3 [PUMEYATEbHBIX, ITOCKOJIbKY
ormmaaer OI' or rpadena, KOTOPBI U3-38 OTCYTCTBUSI SHEPTETUIECKO eI B €0 CTPYKTyPe
He CKJIOHEH K (DJIyOPECIEHITHH.

TexHosI0THSI IOy Y€HUST HAHOMATEPUAJIOB, B COCTAB KOTOPBIX BXOJIMT rpadheH Wil ero OKCUIbI,
CBSI3aHA C PAJIOM MEXAHUIECKHUX OIEePAIlHil: CMellleHre, paciblIeHne, IPOIUTKa. B ¢Bsi3u ¢ 9TuM,
10 CPABHEHUIO C MOPOMIKOOOPA3HBIM COCTOSTHIEM BEIECTBA, YI0OHEE UCIIOIb30BATEH KOJIJIOUIHBIE
mucriepcun. Cpequ MeTOIOB Oy YeHust KoJutonauabix nuciepeuit OI' mpeobiragaroT XxuMumdeckne
MeTobl. [IpuaeM riaBHBIE MPEUMYIIECTBA XUMUIECKIX METOJIOB COCTOST B BO3MOXKHOCTHU KPY-
MMHOMACIIITAOHOTO ITPOU3BOJCTBA IIPOIYKTA U OTHOCUTEIBHON IMPOCTOTE €ro (OyHKIIMOHATUIAIINT
3a CYeT HAJNYHsI AKTHUBHBIX KHCIOPOJCOIEPKAIMX TPy [2].

HecMmotrpst Ha ¢TOIB OOIMIMPHBIN KPYT BCEBO3MOXKHBIX 00/IaCTEH NCIOJIB30BaHNS IpadeHa 1 ero
OKCH/JIOB, OCHOBHBIM HCXO/IHBIM MATEPHUAJIOM JIjIsi CHHTE3a 3TUX BellecTB sABjsercs rpadut. Omgaa-
KO B IPUPOJIE CYIIECTBYIOT U JAPYIUe MUHEPAJIbI, B CTPYKTYPe KOTOPLIX cofepKaTrcs rpadeHo-
Bble cyion. Takne MuHEpaJibl MOIVIM Obl CTaTh MOTEHIUAJILHON MaTeprabHON 6a30il I HOoJIy-
genust OI'. CpaBHUTE/IbHBIIN PEHTTE€HOCTPYKTYPHBIN aHAIU3 YIJIEPOCOJEPKAIINX MaTEPUAJIOB
[IOKa3bIBAET HEKOTOPOE CXOJICTBO rpadura ¢ yriisiMu BbICOKO# crajun Meramopdusma. K npume-
DY, PACCTOSIHUE MEXKJTy ApOMATHICCKUMU CJIOSIMU B M€KCATOHAJIBLHON KPUCTAJIIMIECKON PeIleTKe
rpacduTa npu HOpMaJabHBIX yeaoBusax d = 0,335 um, auamerp apomatutdeckoro ciosd L, = 20 uu,
BbicoTa €05t Lo = 58 HM. Dueprus cBsizu (F) MKy CIOsIMH T'€KCArOHAJIBHOrO rpadura co-
crapiisier 4,2-18,2 xJI>k MoJIb, & Mex 1y aroMaMu yriaepoja B cioe — 710 k/Ix/moub. Cpeaanit
JIMaMeTp apOMATHUYIECKUX CJOEB B yIUIAX 3aBUCUT OT CTAJIUU UX MeTaMopdusma. YIiu, conep-
»kammume Menee 75% yrueposa, uMmeroT cpeanuii quamerp ciaost L, ~ 0,5 HM, 9TO COOTBETCTBYET
A 89 aToMaM BHYTPH apOMATHYECKOIO CJIosi. YU, cojep:kaiue 78-92%, uMeT OTHOCUTE b=
HO TIOCTOSTHHBIN nuameTp cjiod L, = 0,75 M, uTo coorBercTByeT 15-18 aTomam ma cioit. [Ipu
cosiepKanum yriaepoja 6osbire 92% muamerp ciost pe3ko yseauausaercst — L, > 1 HM, 9TO cOOT-
BercrByeT Obosiee 30 aromam B apomaTudeckoMm cioe, L. = 1,2-2,4 um, d = 0,346 —0,355 M. B 06-
meM, CTYKTypa yrveil, B omindue oT rpaduTa, SBiseTcs He KPUCTAJINIECKOi, a Me30MOPGHOIi,
OHa, MIPEJICTABJISIET CODOM IJIOCKUE T'eKCATOHAJBHBIE CETKU YIVIEPOIHBIX aTOMOB C Hepudepuituo
CBSI3aHHBIMH YTJIEPOJIHBIME OTKPLITBIMU IEISIMU, HeCymuMu (HyHKIINOHAJILHBIE TPYIIbl. BBu-
JIy CXOXKECTU CTPYKTYDPhI KAMEHHBIX YIJIEH BBICOKOH cTajuu mMetamMopdusmMa ¢ rpaduToOM IyiaB-
Hasl UJest HACTOSIIEro UCCIe0BAHNS 3aK/II09a/IaCh B II€/IEHAIIPABIEHHON TeCTPYKIIUU CTPYKTYPhI
YIJISL U TIOJIYYE€HUN U3 HErO HAHOJUCIIEPCHBIX CTPYKTYP YIVIEPOJa B BHJE KOJUIOHIHOIO PACTBOPA
Or.

DkcnepuMeHTaJIbHadA dYacTb. s mnosyuenuss OI' mpumensiicss yroJib BBICOKOM CTa-
nuu Meramopdusma — aarpanut (Jonenkuii 6acceiin, XK “CeepiioBanTpanut’, maxra WM.
.M. Ceepayosa). Texuudeckie XapakTepucTuKu yriisi: Brazknocts (W?), sombrocts (AY)
soixoy, teryanx semtecrs (V)| i spementusiii cocras yrus (%, mac.) upusesenst B tabur. 1.
Ucxoauptit yronb, amamerpoMm wactui 1 MM, m3menbdaan B ¢apdopoBoMm bapabane oObeMOM

Tabruya 1. TexHUIECKUN W 3JIEMEHTHBIM aHAJIN3 yIJIsd

TeXHI/I‘IECKI/Ie Xa.p&KTepI/ICTI/IKI/I, 9 . 7 d f
%(Mac.) JIEMEHTHbBLIU COCTa,B7 0 Ha da.

we | oAt [ v c | m | N~ [ o | s

1,0 0,7 47 95,5 1,7 1,2 0,9 0,7
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2 ,ZLMS Ha BaJIKOBOI MeJIbHUIE B TedeHne 3 4. B KadecTBe MeIONINX Tesl UCIOIb30BaIl KepaMu-
geckue 1apel. [Jocse npocensanust una curax “CJIM-200" mosyuniin MopoIoK yriis ¢ JUaMeTpoM
qactul] < 40 MmrM. CTPYKTYpPHO-COPOIMOHHBIE XapaKTEPUCTUKHU YTIOJBHOIO IMMOPOIIKA: IJIOTHOCTD
(p, v/em?), yrembryto mosepxuocTb (Syy, M2 /1), yaebbii o6bem 10p (Vpore, cM® /1) 1 acbe-
KTUBHBIN guaMeTp 10D (dpore, HM) paccuursiBain coryiacuo Meroxy BIOT (Bpymayspa-Ommera—
Tesutepa), 110 JJAHHBIM HU3KOTEMIIEpaTypHON ajcopbuun azora (77 K) Ha aHasuzarope y/eabHON
nosepxuoctu Quantachrome Nova (tabi. 2). Pacnpeesienne noBepXHOCTHBIX (DYHKIIMOHAIBHBIX
IPYIII 110 KUCJIOTHOCTU OLPEeIsiyin, 3Hasi obmiyo ooMenHyo eMroctb (COE), a Takxke Besn-
quny copbruu 0,1 H. Bomubix pactBopoB NaOH, NasCOs, NaHCO3. Penrrenodazosbiii anammns
MCXOIHOTO YIS U yIJIEPOAHON HAHOCTPYKTYPHI, IOy I€HHON 13 HEro, IIPOBOAUIN HA TUPPAKTO-
merpe “IPOH-2" (CuK,-uznyuenne Co-bunbrp, A = 1,542 um). UK cnekrpanbublii aHaamn3
npooausn Ha UK cnekrpomerpe Vector 22 (Bruker) B obmactu wacror v = 400-4000 em L
DuekTpokuHeTHIecKii morennuan (&, MB) muccienoBanHBIX 00pa3IOB ONMpeIesiii Ha Tpubope
Zetasizer Nano-ZS (Malvern). Sunadenusi BojopojHoro mnokasaresst (pH) peryimuposasu ¢ momo-
o 0,01 1. Bopubx pacTeopoB HCI u NaOH, a onpenesrenne npooauin Ha noHomepe M-160 M.
B kadecTBe 00beKTa CpABHEHUS C YIIOPSIOYEHHON KPUCTAJINIECKON PEIeTKON TPUMEHSIIN [IPU-
poausbiii rpadur (OO0 “3apanbeBckuii rpadur”’, comepxkanue yriaepoga 99,5%).

s nony4aenusi OI' ncxonHbIil TOPOMIOK 00€330JIEHOI0 AHTPAIUTA TIO/IBEPraJii TEPMUIECKON
obpaborke (Temueparypa 100 °C, Bpems 2 1) B cmecu asorroit (HNO3) u ceproit kocior (HaSOy)
B coornomenuu 4 : 1. TTociie 3T0ro mosyYeHnyto Maccy oxXJazKaaal 1 npoMbiBaan 3% pacTBOpOM
HsO9 u muctmiumpoBanHoii Bojoit. OOpa3oBaHHBIN 0CAI0K, CBETJIO-KOPUYHEBOIO I[BETA, OTIIEe-
JIsJIn BaKyyMHBIM dbuiabrpoBanueMm Ha BopoHke [IlorTa €O CTEKISHHBIM TOPUCTHIM (DUIHTPOM
u MHOTOKpaTHO mpoMbiBasu 0,1 H. ciimproBeiM pacTBopom KOH, mocite gero cymimim Ha BO3Iyxe
npu 50 °C. Jlanee Boguyio cycrensuio OI' mojsepraiu yabTpasByKoBOii 00pabOTKe C UCIIOJIb-
30BaHuMeM yibTpasBykosoro gesurrerparopa UD-11 (TechPAN) B reuenue 20 MuH npu Makcu-
MaJsbHOM MormHocTH reHeparopa 100 Br, 22 kI'n. g orpenerns KpymHBIX arperaToB KOJLJIOW-
nubeiit pactBop Ol nenrpudyruposaiu B nearpudyre OIIH-3 npu ckopocrtu BpaleHust poTo-
pa 3000 o06/mun B Teuenue 40 muu. Kosmommmerit pacrsop OI' ¢ konrenTparmeil BerecTsa
0,01 Mr/mit, B orcyTCTBHE CTAOUIM3UPYIONIUX PEAreHTOB, ObLI YCTOWYNB OKOJIO Mecsita. Mukpo-
dororpadun crpykrypbl OI' moJIy9YeHBI ¢ MOMOIIBIO MPOCBEIUBAIOIIETO 3JIEKTPOHHOTO MEUKPO-
ckorra JEM-100 CX II (JEOL).

OO6cyx/1eHne pe3yabTaToB. /st pacmienieHust yroJabHOM MaTPHUIbl Ha WHIUBHIYAJbHBIE
rpadeHOBbIE JINCTHI HEOOXO/IMMO PEOJIOJIETh CUJIbI TPUTSIKEHUs, JIeUCTBYIOIINE MEXKJIy CJIOsi-
mu. Mcxons m3 obmmx mpecTaBIeHUil O CTPYyKType yryeil BBICOKOI crajanm meraMopdusma,
Hanbosiee podHbiME ABJsTIOTC C—C CBA3M B KOHJIEHCHPOBAHHOM apoMaTHIecKoM sipe (F =
= 836,0 x/I:x/Mob), a Takxke nepudepuitasie C—H cBsisu (E = 425,7 kI /Moub). D11 cBsA3M
SIBJISIIOTCSI OCHOBOI HamboJiee yCTORINBBIX (DPArMeHTOB MAKPOMOJIEKYJIbI yIiisd. B3anMoseiicrue
MEXK/JIy apOMaTUYeCKUMU KJIACTEPAMHU CTPYKTYPBI aHTPAIUTa OCYIIECTBJISETCS dYepe3 ‘MOCTHU-
koBble cBsizu’: (—(CHg)pym—, —O—, —O—CHy—, —NH—, —S—, nukioankanoBble (hparMenTs
—CA—), 1. e. yepe3 aTOMBI WJIM UX TPYIIIBI, HE BXOJSIINE B T-3JIEKTPOHHOE CONpsizKeHne. Takxke

Tabauya 2. CTPpyKTYpPHO-COPOITMOHHBIE XAPAKTEPUCTUKY YIS

0, Sy, Voore, dpore, Conep:kanne OyHKIMOHAIBHBIX MPYIII, MI-9KB / r
r/ev® | owP/r | en®/r | omu ~COOH | —OH | >C=0 | COE, ur-sxs/r
1,78 1,67 6,05 7,23 — 0,02 0,04 0,05
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Puc. 1. Mukpodororpadun anrpanura (a) u okcuna rpadena (6)
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Puc. 2. Penrrenorpammsl (a) u UK crekrpsr (6) obpasuos rpadura (1), anrpamura (2), ockuna rpadena (3)

U3BECTHO, YTO B CTPYKTYPE aHTPAIUTA IPAKTUIECKHU [TOJTHOCTHIO OTCYTCTBYIOT METUJIEHOBBIE MO-
cruku. [IpucyrcrByomue B MAaKpPOMOJIEKYJIe Yt 3(DUPHBbIE KUCJIOPOJ- U CEPOCOMIEPIKAIIUE CBSI3U
mocrukosoro Tuna C—0—C (E = 358,3 x/lx/momb) u C—S—C (R = 272,4 x/I)x/mMosb) me-
Hee MPOYHBI, U PACHaJ MAKPOMOJIEKYJIbI yIJIs Ha 9JIEMEHTAPHBIE COCTABJISIONINE, T0-BUIUMOMY,
OyzeT MPOUCXOIUTH MMEHHO I10 3TUM CBsa3siM. Mukpodororpaduu, mogydeHHbIe B pe3yabTaTe
TEePMOOKHUCUTETBHOMN JIECTPYKIUKA U YJIBTPA3BYKOBOIO JUCIEPTUPOBAHUS HCXOIHONU CYCIIEH3UU
AHTpAIUTA, TTOJATBEPKIAIOT HAJUYINE TUIUIHON rpadeHOnono0HON CTPYKTYPBI B UCCIIELYEMOM
obpasme (puc. 1).

Ananu3 cTpyKTypHBIX xapakTepuctuk OI' MeTomoM peHreHoda30Boro anajn3a MoKasaj Cy-
[ECTBEHHbIE OTVINYMs OT rpaduTa n anrpanuta. Ecin y rpadura MakcuMabHas HHTEHCUBHOCTD
orkjmka (002) nabionaercst pu 26° ¢ MexkcsioeBbiM paccrostauem d = 0,335 um (puc. 2, a, Kpu-
Bast 1), y anrpanura muk orpaxkerus (002) craHoBUTCsI GOJlee PACCESHBIM U CIBUIAETCsI B CTO-
POHY MEHBIMNX JUMPAKIUOHHBIX YIJIOB (OOJIBINNX MEKATOMHBIX paccrosinuil), d = 0,352 HM,
L, = 3,3 um, L, = 1,3 um (puc. 2, a, kpusas 2). Ha nudpakrorpamme aHTparura, HOMUMO
[IUPOKOTO MUKa B 0bsacTu yriioB 22-35° ¢ MakcumyMoM 29°, TpOsIBJIAIOTCs JuHUYM tupuTa (d
0,271 um u 0,242 HM), BeJMYMHA MEXKCJI0eBOro paccrosiuust cocrapisier 0,384 um. Takxe y aH-
TparuTa 0OHApYKUBAIOTCs udpakipontbie orpaxkenus (100, 101, 102, 004, 103, 110, 112, 006),
XapakTepusyolinue rpaduTono00H0e HAJIMOJIEKY/IsIpHOE cTpoeHue yriist. Kpome Toro, y uccire-
JiyeMoro obpasia obHapyzkeHa JudpaKInoHHas [0JI0ca ¢ oJiozKeHneM Makcumyma d = 0,549 um
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(Tak HasbIBaeMasi Y-10JI0CA), KOTOpas OTCYTCTBYeT Ha peHTreHorpamme rpadura. B yrisx Bo-
3HUKHOBEHUE 7Y-II0JIOCHI CBA3BIBAIOT C IPUCYTCTBUEM B UX CTPYKTYPE OPraHUUIECKUX COETUHEHU T
1 ppPArMEHTOB, y KOTOPBIX YIVIEPOIHbIE ATOMbI HPEUMYIIECTBEHHO HAXOIATCS B SP°-IHOPHIHOM
COCTOSIHUH, T. €. CTPYKTypa HOCUT HACBHIIEHHBIN XapakTep. Judpaxkrorpamma OI' (em. puc. 2, a,
KpuBasi §) XapakTepusyercss OCHOBHBIM JIn(PAKIIMOHHBIM TUKOM B 0bJsiacTu yriios 4,5-9,8° ¢ ma-
kcumyMmoMm 7,25°. Cusur nosiocsl orpakenust (002) BIeBO U ee ylIMpeHHe yKa3blBAeT HA Pa3pPy-
[IIeHNe UCXOJHON CTPYKTYPBI YIVIsi B HPOIECCE OKUCJEHUS, a TAKXKE YBEJUUECHUE MEIKCJIOEBBIX
aToMHbIX paccrostauit (d = 0,945 uwm).

Omnpenenenne dynkimonaabubix rpyii B OI' meromom UK criekTpockonnm Takxke yKa3biBaeT
Ha, HEKOTOPbIE OTJIMYUs B €ro CTPYKType 10 cpaBHenuio ¢ rpadurom u anrpamnurom. B UK crre-

KTpe rpadura (cMm. puc. 2, 6, ciekTp 1) HaOIIOAAETCS MUPOKasi MOJI0ca pu dacrtore 3436 em L,

KOTOpasi BO3HUKAET Ta, cdyeT BajeHTHBIX Kosebanmiit OH rpymm. Tosmoca mpu gacrore 1620 eyt
orBeuaeT JedopmannoHHbiM KosiebanusiMm C=C cBszeil B apoMaTHYeCcKOM KOJIbIIE, TAKXKe ee CBsi-
3bIBAIOT C BaJEHTHBIMU KOJIEOAHUSIMU aJICOPOUPOBAHHBIX MOJIEKYJI BOJBI, [MOITOMY HU3YyJIaeMbIe
obpasnpl rpadura n antparura 66 Boicymiensl npu 110 °C. B UK crekrpe anrparura (cM.
puc. 2, 6, ciekTp 2) uIeHTUGUIUPOBAHBI [IOJIOCHI HOTJIOMIEHUsI CJ1ab0H UHTEHCUBHOCTH C MaKCH-
mymamu 740 1 3030 cv !, yKasbiBaome Ha HaIMYIe apOMATHYECKIX CTPYKTYp B yrie. IToso-
ca moryiomennst npu gacrore 1690 cM ! cOOTBETCTBYET BAJIEHTHBIM KOIEGAHMIM KapOOHMILHOI
rpymmsr (C=0—) anbIernaos, KeTOHOB i KapOOKCHIBHLIX KHCIOT. Ilomoca 880 ey~ ! orseuaer
koseGanmsivt C—H rpymm apomarndaeckoro koubia. omocst mpu 950 1 1430 ey~ ! xapakrepusyior
kosebarnst O—H cBsi3u kapGokcmibHoi rpymsl. omoca 1296 cMm ™! cBugerebeTByeT 0 HATIYINT
C—O cBs3u B KapGokcmmbHoil rpymire. Takzke HAGTIOAAIOTC MOT0CH pH 1350 1 2850 cm™ 1, Ko-
TOPbIE XapaKTEPHbI JIJId KO.He6aHI/II71 —CH CBsISBM B METUJIBHBIX I'PYIIIaX aJIKUJIBHOI'O paJuKaJia.
Konebanuss C—C cBa3u B apOMaTUYIECKOM $JIpe TPUBOJIAT K IOSBJIEHUIO IIOJIOCHI IIPU YaCTOTE
1500 em~ L. TTosoca coraGoit METEHCHBHOCTH HposiBiIsieTcs pu dacrore 1620 em L. ITomocs 2860
1 720 em~ ! mozkio ornectn K Kosebanusm CHao— ammdaruueckoii cesisu. B pesyibrare Koseba-
auit CHs rpyIibl aiKu/IbHBIX PAIHKaIoB mpossisiercs nosnoca 2960 cm™ t. ITomoca 3050 cm ™
xapakrepusyer Haamane =C—H rpymmst ankenos. Cirabast mosoca 3420 cM ™! ykasbiBaeT Ha He-
saaunresbHoe cogepzkanne OH rpynmn. B UK cnekrpe O (eMm. puc. 2, 6, ciekTp &) BUHA TIOJI0CA

1, KOTOPasi OTHOCUTCA K JePOPMAIMOHHBIM KOJIEOAHUSIM aJI-

MIOTJIONIEHN TIpu dactore 721 cm™
KHJIbHOTO paJmKasa. Ilomocer 845 n 880 cM ™ xapaKTepHbl JUIsi BHEIJIOCKOCTHBIX KOJIeOaHuil
C—H rpynnsr B apomarudeckoMm KoJjbiie. Bajienrabie kojiebanus C—O rpymnnbl CiupTOB IIPH-
BOJSAT K HOABJIEHMIO 110Jiockl 1053 em L. Tlosoca 1150 em™? onpenensier Hagndne —R—O—R—
cszeit. Hammane nomocst 1226 eyt yKa3blBaeT Ha BaJieHTHbIe Kojiebanus cBsizu C—O B 3110-
kemuoit rpyre C—0—C. Iomoca 1296 cm ™! xapakrepusyer kosebanms —C—O KapGOKCHITBHOI
rpynust. Konebanus —CHy 1 —CHs rpylin B aJIKHIBHOM paJjiKalie 0TBedaloT mosoce 1375 ey L.
Jedopmanmonnnie Komebanns O—H cBsa3n KapOOKCUILHOM IPYIIIBLI TPUBOAAT K MOSBJICHHUIO T10-
jgoc 1440 u 948 CM_I, a BaJIEHTHBbIE KOJIEOAHHsI 9TOH K€ CBSI3U IOATBEPXKIAIOT I0JIOCHI 2925
u 2810 em L. Tlosoca 1720 cm~ ! orBedaer BasenTHBIM Koaebanusm cBsizn C=0 B KapOOKCHIIb-
noit rpyme. Ilnpokas nmomoca 1620 ey~ lykaseiBaeT Ha BajeHTHBIE KOJCGAHUs acOPOHPOBAH-
Hbix OI' MOJIeKyJT BOJIBI, TOCKOJIBKY UX IOJIHOE yaasteHue u3 cTpyKTypbl OI' HeBozMmozkHO. Takke
obuapykenb! mmojgockl 3080 u 3045 CM_l, OTHOCATITHECST K BAJIEHTHBIM Kosiebarusam Ar—H cs3u.
osoca 3420 cm™ ! orBeuaer BasenTHbIM Kosebanmsy OH rpyrmsr.

Kak crenyer uz cuekrpasbpuoro anammsa Ol ero crpykrypa sBjsieTcsi BeCbMa HEOJIHOPO-
JIHOM, Ha MMOBEPXHOCTU HAXOATCS SIIOKCUIHDBIE, THIPOKCUIbHBIE U KAPOOKCUJIbHbIE TPYIIILI. EcTe-

CTBEHHO, X KOJHNYIECTBO 6y,ZI,€T 3aBHUCETb KaK OT IIPUPObI MCXOJHOI'O YIJId, TaK WU OT IIPUPOIbL
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Puc. 3. VIaMeHeHne 3J1€KTPOKMHETHIECKOrO HoTeHnuasta dacrul rpadura (1), anrpanura (2) u okcuna rpade-
Ha (3) B BOJHOWN CpeJie IPU PA3IMIHBIX 3HAYECHUSIX BOJOPOJHOTO ITOKA3ATE S

XUMUYECKUX PEAreHTOB, IPUMEHSIEMBIX JIJIsl PACIIEIJICHUST yTOJIbHON MaTpuilbl. OKucuTeIbHas
JIeCTPYKIMS yriieil BBICOKOI cramumu MeramopdusMa Tuma anrpanura napamu HNOjs obbsicHs-
ercsi TeM, YTO HEIOCPEJCTBEHHBIN okmcauTes b yriid NoOs mpu mepeHoce 3JIeKTpoHa obpasyer
KOMILJIEKC, TTOc/Ienyomee pearnposanne Koroporo ¢ HNOg maer coeqnHeHne BHEIPEHNS, PACIaT
9TUX coenuHeHUit nmpuBoguT K obpasoBannio NOs, CO9, CO, a takke mapoB HoO. Hammune
HsSO4 B pacTBOpe TOJBKO yCHJIMBAET TE€UEHHUE IMPOIECCa, 38 CUeT 00pa30BaHUsl ra3000pa3HOro
SO,. Ilpu sTOM OKHCIHUTEbHBIE PEAKIIMK C IMOBEPXHOCTU pasjesa (a3 1mepeBojsdaTcs B 00beM
TBepzoro reia [12].

N3zy4enne 371eKTportoBepxHOCTHBIX ¢BoitcTB OI' MeTOM0M OlpeeieHus 9JIeKTPOKMHETTIECKO-
r'o MOTEHITAJIA B BOJHON Cpejie PU Pa3JInYIHbIX 3HaueHusiXx pH o0bsCHsIET, ToYeMy ero KOJIou-
JTHBIE PACTBOPBI 00JIaJAI0T CTOJIb BHICOKON YCTOWYMBOCTHIO B OTCYTCTBUE CTAOMIN3UPYIONINX Pe-
arenToB (puc. 3). Ecim uzosiekrpudeckasi ToUKa, B KOTOPOH JIEKTPOKUHETUIECKHUH TOTEHIIUAT
(&, MB) pasen myuito, y rpadura nabmomaercst npu pH = 4,5, a y anrpanura upu pH = 3,8, To
y OI' B uccinenyemom puamnaszone pH ona orcyrcrByer. K 0coOOEHHOCTSIM KOJIJIOMIHBIX PACTBOPOB
OT" orHOCHTCS X cobcTBeHHasi BbicoKasi KucjaorHoctb (pH = 3,2, £ = —38 MB). I'padur, kak
U aHTPAIINT, B BOIHOM cpee — amdonnt. [Ipu sHavennsax pH pacrBopa BbIIe N30/ IEKTPUIECKOM
TOYKH €r0 TOBEPXHOCTD 3apsi?KeHa IMOJIOYKUTE/IBHO, HIKe — oTpuliareibao. Cj1abo0CHOBHBIE CBOIi-
cTBa rpaduTa MPOABISIIOTCA OIarogapst HAJAIUIO CHCTEMBI T-3JIEKTPOHOB, JACIOKAIN30BAHHDBIX
0 BCel apoMaTuvecKoil crpykrype. Kucjiorabie cBoiiCcTBa 00€CIIETHBAIOT KUCIOPO/ICO/IEPIKAIITHIE
TPYIIIBI, HAXOMAIINECST Ha Kpasix OOKOBLIX mockocteit. Hamomracruaku OI' xapakrepusytorcs
BBICOKMM OTPHUIATEIBHBIM 3apsiJIOM, KOTOPBIN Bo3pacTaeT mpu mnoebimenun pH. BepositHo, 9T0
CBSA3aHO € MOHM3aImell KapOOKCUJILHBIX U (PEHOJBbHBIX THIPOKCHUJIOB, KOTOPbLIE MPHUCYTCTBYIOT
B 0oOpasiie, SBJISIIOTCs HOJIsIpHBIMU U obecnieunBaroT rugapodmibaocts Ol Kak npasuio, ecsun
£-TIoTeHIMA B OTPUIATEIbHON 0b1acTu 3Hadennii Boimre —30 MB, MeXK Iy JacTuaMu co3maercs
JOCTaTOYHOE OTTAJKUBAHKE JJIsi (POPMUPOBAHNSA CTaOUIbHBIX cucTeM. OCHOBHOI Oapbhep MPOTUB
CHEIJIeHUsT JaCTHUI] CO3aeTCsl 0J1aroapst SJIeKTPOCTATHIECKOMY OTTAJIKHBAHUIO MEXK1y MOHU3HU-
POBaHHBIMH KapOOKCHJIBHBIMY T'PYIIAMU, HaXOMSIIUMUCS Ha Kpasx HanomaucroB OI. B kucoit
cpere npu pH < 2 mpoucxomur arperupopanne OI' u3-3a BBICOKONO ITPOTOHUPOBAHUS T'PYIIIL
—COO™ nonamu HT. Tomydennsiit obpazer; OI' xapakTepusyercs JOCTATOYHO BBICOKHM OTDH-
IaTe/IbHBIM MOTEHIUAIOM B mieji0uHoii cpene (pH = 12, £ = —78 MB), uro cniocoberByer oTTali-
KUBAHUIO JEIIPOTOHUPOBAHHBIX KapPOOKCUILHBIX IPYIIN U MOBBINIEHUIO ycToftunBocTu. [Ipunnmast
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BO BHUMaHHUE OTPUIATEbHBIN 3apsi noBepxHocTr Ol M Hajmame B €ro CTpyKType OOJIBIIOro
KOJINYECTBA KUCJIOPOACOAEPKAINUX (PYHKIIMOHAJIBHBIX IPYII, MOKHO CUYHTATH ITOT MaTEPUAJ
BeChbMa, [IEPCIIEKTUBHBIM aJICOPOEHTOM ITOJIOXKUTEIHHO 3aPIKEHHBIX KATUOHOB 33 CUET CHUJI dJie-

KTPOCTaTUYIECCKOT'O NIPUTAXKCHIMA.
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OTpumMaHHSsI KOJIOIJHOTO PO3YMHY OKCUAY rpadeHy 3 IIPUPOIHOTO
BYTiJIs

3anpononosano cnocib ompumarka okcudy epadeny 3 npupooHo20 6Y2inii GUCOKOT cmadii mema-
moppizmy. IIposedero anania cmpykmypHUT TAPAKMEPUCTNUK | BUSHAYEHO HYHKUIOHANOHT 2pYNU
noseprHi okcudy epadeny NOPIBHAHO 3 MAKUMY BY2ACUEEMICHUMY MIHEPAAGMUY, AK 2padim ma
anmpayum. Bueueno 3aKOHOMIPHOCE 3MIHU EAEKMPOKIHEMUYHO20 NOMENUIAAY HAHOYACTNUHOK
oxcudy epadeny 3arecno 6id 800HEB020 NOKA3HUKA. Becmanosaeno 6naus eaekmponoseprHesus
saacmusocmets oxcudy epagdeny y 600nomy cepedosuwsi ma cmabisvoHicms 1020 KOAOIOHUL DPO3-
YUHIB.

Kar04086t ca06a: HAaHOYACTUHKY, OKCHJ, TpadeHy, aHTPAINT.
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Preparation of a colloidal graphene oxide solution from natural coal

We proposed a method for producing graphene ozide from natural coal with a high stage of meta-
morphism. The differences between the structural characteristics are analyzed, and the functional
groups of the surface of graphene oxide as compared with carbonaceous minerals such as graphite and
anthracite are determined. Changes in the electrokinetic potential of graphene ozxide nanoparticles
depend on pH values. The influence of electric surface properties of graphene ozide in an aqueous
medium on the colloidal stability of its solutions is determined.

Keywords: nanoparticles, graphene oxide, anthracite.
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