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Nanomaterials is a field which takes a materials science-based approach to nanotechnology. It
studies materials with morphological features on the nanoscale, and especially those which have special
properties stemming from their nanoscale dimensions. Nanoscale is usually defined as smaller than a one
tenth of a micrometer in at least one dimension, though this term is sometimes also used for materials
smaller than one micrometer.

The first observations and size measurements of nano-particles were made during the first decade
of the 20th century. They are mostly associated with the name of Zsigmondy who made detailed studies of
gold sols and other nanomaterials with sizes down to 10 nm and less. There are traditional techniques
developed during 20th century in Interface and Colloid Science for characterizing nanomaterials. These
are widely used for first generation passive nanomaterials specified in the next section.

KitoueBble ciioBa: HaHOMaTepHallbl, HAHOTPYOKH, MOJTyYeHNE, METObI, HAHOIO-
POLLKHU.

1. Memoowl nonyuenusa nanomamepuanoe

1.1. Ilonyyenue rpadgurTa B 1yroBoM paspsje

Meton ocHOBaH Ha OOpa30BaHUU YTJIEPOJHBIX HAHOTPYOOK MPH TEPMHUYECKOM
pacmbuleHUH TpadUTOBOTO 3JEKTPOJa B IIa3Me JyTOBOTO pas3psia, TOPSILIEro B aTMO-
cdepe renus. ITOT METOJ MO3BOJSET MOIyYaTh HAHOTPYOKH B KOJUYECTBE, JOCTATOY-
HOM JIJIS1 IETAJIbHOTO UCCIIEOBAHMS UX (PU3MKO-XUMHUUECKUX CBOMCTB.

TpyOka MokeT OBITh TIOJyY€HA W3 MPOTHKEHHBIX (DparMeHTOB rpaduTa, KOTOPHIC
nanee CKpyuyuBaroTcs B HUIuHApP. s oOpazoBaHMs NPOTSHKEHHBIX (PparMeHTOB HEOO-
XOJUMBI CIIeIUaNbHbIE YCIOBUS HarpeBa rpadura. OnTuMaabHble YCIOBHUS MOTYYEHUS
HAHOTPYOOK peanu3yloTCsi B JAYTOBOM pa3psi/ie HpU HCIOIb30BAHUM SJICKTPOIUZHOTO
rpadura B kauecTBe 371ekTpoAoB. Ha puc. 1 moka3ana ympoiieHHas cxemMa yCTaHOBKHU

JUIA  TIONTydeHHsl (YJUIEPEeHOB U
U 3 HaHOTPYOOK.

Pacnibuienue rpaduta

OCYUIECTBIIIETCS TpU MPOIycKa-

HUU Yepe3 DIEKTPOJAbl TOKa C
gactotod 60 I', BelmmdmHa TOKa

A2 or 100 mo 200 A, HampsbkeHue

"l \ 10-20 B. Perynupys HaTskeHuUe
NpPY>XKUHBI, MOXXHO  JOOWTHCH,

-3 YTOOBI OCHOBHas 9acTh
MOJIBOAUMOM MOIITHOCTH

Pue. 1. Cxema Yemanoeku 013 NOIyueHua pyiiepeHos BBIACTATACE B AYIC, a HC B I'pa-
U Harompy6ox. I - zpadumossie 31exmpoodsL; ¢uroBom  crepxHe.  Kamepa
2 - oxnaxcoaeMan MeoHAa WUHA; 3 - MeOHBII KOJNCYX, 3aI0JIHSICTCS reJameM C
4 — npysicunvt. nasienrem ot 100 mo 500 topp.

CkopocTth ucnapenus rpadura B 3Toi ycraHoBKe MoxkeT gocturats 10 1/B. IIpu atom
MOBEPXHOCTh MEJHOTO KOXKyXa, OXJIaXIaeMOT0 BOJOH, TOKPBIBACTCS TIPOTYKTOM HCIa-
penus rpadura, T.e. rpaguTOBOI caxeil. Ecim monydaemblii IOPOIIOK COCKOOIUTH U
BBIJIEPXKATh B TEUYCHUE HECKOJIBKHX YacOB B KHILAIIEM TOJIYOJIE, TO MOJIy4aeTCsl TEMHO-
Oypast *KuIKOCTh. [Ipy BBIMapUBaHUM €€ BO BPAINAOMIEMCS UCHAPHUTEIC TOTYydaeTCs
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MEJIKOUCTIEPCHBIA MOPOIIOK, BeC ero coctarisieT He 6onee 10 % oT Beca UCXOAHOU
rpadurtoBoii caxu, B HeM conepxkutcs A0 10 % dyniaepeHoB 1 HAHOTPYOOK.

B ommcanHOM crioco0Oe moiydeHus HaHOTPYOOK Tenuii urpaet posb OydepHOro
ra3a. ATOMBI TeJIHsl YHOCAT SHEPTUIO, BBIICISIONIYIOCS PH 00BEAMHEHUN YTIIEPOTHBIX
¢parmenToB. ONBIT MOKA3bIBACT, YTO ONTHMAJIBHOE NABJICHUE TEIHS Ui TOJTYUYCHHUS
dbynnepenoB HaxoauTcs B Auamnazone 100 Topp, Ans monydeHuss HAHOTPYOOK — B uarma-
3one 500 Topp.

Cpenu pa3nuyHBIX MPOIYKTOB TEPMHUUECKOTO pachblieHus rpadura (pymnepeHst,
HAHOYACTHIIbI, YACTHIIBI Ca’ki) HEOOJIbIIasl YacTh (HECKOJIBKO MPOLEHTOB) MPUXOIUTCS
U Ha MHOTOCIIOWHBIE HAHOTPYOKH, KOTOPBHIE YACTUYHO MPUKPEIUISIOTCS K XOJIOAHBIM
MIOBEPXHOCTSIM YCTAaHOBKH, YACTHYHO OCAXIAIOTCS Ha IOBEPXHOCTH BMECTE C CAXKEN.

OpHocnoliHbIe HAHOTPYOKH 00pa3yloTCs MpU A00aBICHUHM B aHOJ HEOONIBIIOMA
npumecu Fe, Co, Ni, Cd (1.e. mobaBnennem kataimsaropos). Kpome toro, OCHT mo-
Jy4aroTCsl TPU OKUCICHUH MHOTOCIOMHBIX HAaHOTPYOOK. C IIeNIbI0 OKUCIIECHUS MHOTO-
CJIOIHBIE HAHOTPYOKH 00pabaThIBAIOTCS KUCIOPOJIOM TIPU YMEPEHHOM Harpese, 0o
KUTIALIEH a30THOW KHCIOTOM, MPUYEM B TMOCJEIHEM Clydae MPOUCXOAUT yIaleHHUe Tsi-
TUYJICHHBIX TPaQUTOBBIX KOJIEI, MPUBOSIIEE K OTKPBHITHIO KOHIIOB TPYOOK. OKHCIeHne
MO3BOJIAET CHATh BEPXHUE CIIOM C MHOTOCJIONHON TPYOKH U OTKPBITH €€ KOHIIBI. Tak kKak
peaKIroHHasi CIOCOOHOCTh HAHOYACTHI] BHIIIE, YeM Y HAHOTPYOOK, TO MPH 3HAYUTEIb-
HOM pa3pyIlIeHUH yTIAEPOAHOTO MPOIYKTa B Pe3yIbTaTe OKUCICHUS T0JI1 HAHOTPYOOK B
OCTAaBILIECHCS €€ YAaCTH YBEJINYNBACTCA.

1.2. MeTtoz J1a3epHOro ucnapeHust

AnbTepHaTUBOM
BbIpAlMBaHUsI HAHOTPYOOK B
JIYTOBOM  paspsiie  sBJsIeTCs Nasep B
METOJI JIa3€pHOT0 HCIIAPEHHUSI. “,‘;,:',,",“,2‘2':,":::;'\:?;‘,"" Cu CTepxeHs
B panHOM MeTOlEe CUHTE3U- D

pytorca B ocHoBHoM OCHT
IpU HUCIAPEHUU CMECU YIJle-
poZia U NEPEXOIHBIX METAJIOB
Ja3epHBIM JIy4OM U3 MMIICHHU,
COCTOSIIIIEN U3 CIIJIaBa METajuia
¢ rpadutom. Ilo cpaBHEHHUIO C
METOJIOM JAYyrOBOIO pa3psja,
IpsSMOE HUCHAPEHUE MO3BOJIAET
oOecrieunTh Oojee AeTaabHbIH
KOHTPOJIb YCJIOBUH pocTa, IPOBOIUTH AJUTEIbHBIC ONEpalMd U INPOU3BOJUTH HAHOT-
pyOKH C OONBLIMM BBIXOJOM TOJHBIX M JIydllero kadectBa. DyHIaMeHTaJIbHBIC K€
MIPUHILINIIBL, JIekamue B ocHoBe npou3BojctBa OCHT meTtoaom nazepHOro ucnapeHus
TaKHe K€, KaK U B METOJIe JyTrOBOIO pa3psija: aTOMbI yIIEpOAa HAUNHAIOT CKaIINBATh-
¢sl M1 00pa30BBIBATh COCIMHEHHUE B MECTE HAX0XKJICHHsI YAaCTULl METAJUINYECKOT0 KaTallu-
3aropa. B ycraHoBke (puc. 2) CKaHMPYIOLIUH JTa3epHbIH Tyd (OoKycHpoBajcs B 6-7 MM
ISTHO HAa MHILIEHb, COAEPXKALLYI0O METAJUI-rpapuT. MHUIIeHb IOMeIIagach B HAIOJIHEH-
HYI0 (IIpY TOBBIILIEHHOM JIaBJICHUH) aproHoM U Harpetyio 10 1200 °C tpy0Oy. Caxa, Ko-
TOpasi 00pa30BBIBAIACH IIPU JIA3EPHOM HCIIAPEHUH, YHOCHIIACh IOTOKOM aproHa U3 30HbI
BBICOKOM TEMIIEpaTypbl M OCAXKJajdach Ha OXJIAXKIACMBIM BOJONM MEIHBIM KOJUIEKTOP,
HaXOJSAIIMNCS Ha BBIXOJIE U3 TPYOBI.

] Mpadmrosan
MHLWEHE

Puc. 2. Cxema yemaHoexu 1a3epHoll adiayuu.
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1.3. Texnonorus Laser Spinning

s

-
L]

(a)

| | ]

(b)
Puc. 3. Obpazoeanue kaniu pacniasa,
(b) Buimazusanue g010KHd.

Marepuanosenst u3 CIHIA u Hcnanun
MPHUIyMaJIA HOBBIM CHOCOO TOJNYYEHHUS JTMHHBIX
aMOp(HBIX HAHOBOJIOKOH. TEXHOJOTHs, Ha3BaHHAS
«laser spinning», TIO3BOJISIET TOJYYUTh BOJIOKHA
JUTMHON HECKOJIbKO CAHTUMETPOB M BCETO 35 HM B
IMaMeTpe.

KBa3uonHomepHble CTPYKTYpbl (HaHOMPOBO-
JIOKW, HAHOJICHTHI, HAHOCTCPKHH W HAHOTPYOKH)
0071a1al0T  YHUKANBbHBIMH  JJEKTPHUUECKUMU = U
MEXaHUYECKMMHU CBOMCTBAMM M MOTYT - HaWTH
MPUMEHEHNE B ANEKTPOHHUKE, KaTajmse,
OMOMEIUIIMHE, MCIIOJIB30BaThCS IS M3TOTOBIICHUS
pa3IMYHBIX CEHCOPOB M KOMIO3UTOB. B Hacrosiee
BpeMs TaKuh€ CTPYKTYphl OOBIYHO TMOJAYYAOT U3
napoBoil a3bl UM U3 PACTBOPOB.

Uccnenoatensm u3 University of Vigo u Rutgers University yaaioch HOIy4YuTh
OYCHb JUIMHHBIE aMOp(HBIC HAHOBOJOKHA, MCIIOJB3Ys MPOCTOM Ipolece, He TpeOyro-
WA y9acThsl KaTaau3aTopoB, MA0JOHOB U KaKUX-JIMOO IPYTHX PEarcHTOB, KPOME Ma-
Tepuana OyayIiero BoJoKHa. TeXHOIOr s MO3BOJISET HOIyYaTh BOJIOKHA M3 JOBOJBHO
TYT'OIUIaBKUX BCHICCTB, YTO HEBO3MOXXHO JOCTUYb APYTrUMHU MCTOAAMU, HAIIPUMEDP, IMPU

IIOMOIINHM 3JICKTPOCIIMHHMHIA.

Mertoauka «laser spinning» OCHOBaHa Ha WCIMOJB30BAHWM MOIIHOTO Jia3epa IJis
JIOKAJILHOTO HarpeBa MOBEPXHOCTH UCXOIHOTO KepaMUIECKOTro MaTepHaia (KBapla Win
OKCHJIaa aJ'IIOMI/IHI/IH), T.€. TOJIBKO OYEHb MAJIBIA €r0 00HEM HaxXoJUuTCA B pacCIlJIaBJICHHOM
coctosiHuU. Jlanee moxa NeiicTBUEM CHIIBHOW CTPYHM ra3a paciulaB BHITATHBAETCS B BO-
JIOKHO W 3acThiBaeT. B pesynbrate hopMHPyETCs HEYNOpsSAOYEHHAsE CETh U3 MUKPO- U
HAHOBOJIOKOH. YUEHbIC yTBEP)KIAIOT, YTO TaKasi TEXHOJIOTHS TI03BOJIUT MOJIy4aTh OYCHb
JUITMHHBIE aMOp(HBIE BOJIOKHA TPeOYEMOro CocTaBa.

1.4. Ilosryuenne HaHOTPYOOK B OMOpeaKToOpe

N3BecTHO, YTO MUKPO-

OpTaHU3MBbI CTIIOCOOHBI (hOp- A
MHUPOBATh IIMHPOKUH CIICKTP "5,
MHUHEPAJIOB C yYHUKAILHBIMU |50,

. AR SS
(H3UKO-XMMHIECKUMH CBOH- NG
CTBaMH, KOTOpbIE He 00pa- ot N‘h
‘I
3yIOTCSL B XOZE TCOXMMH- & - =i :g:-_-...."""-
s o e ey
YECKHX IPOIIECCOB. N L A
e h k
Tak wuccnenoBaTensMu :‘tgl,_q‘?& N7
(%) - g e i
u3 Kamudopuuiickoro Yuu- # :;\\,.,1:_?:#’3”«»,
- F.‘.@'k [ P— oy : i =
BepcureTa PuBepcaili Obuto o5 = “HEMeIN S ot . TN AT
L lum SNy L e o
MOKa3aHO dbopMupoBaHre LTSN e S st fS - St

Puc. 4. Ceimb Hanompyox AsxSy pasHoll cmenexu 3pe1ocmu

BHEKJIETOYHOM CETH HaHO-

TPyOOK Cynb(PHUIOB MBIIIbSIKA AaHA3POOHBIMH METAJUI-BOCCTAHABIMBAIOUIMMU OakTe-
pusmu Shewanella sp. B xome cBoero skcriepuMeHTa mTaMMm OaKTEpHil IMOMENan B
TepMETHYHBIN COCYI, M CO3JJaBaJId ONTUMAIIbHBIC YCIOBUS JUIS UX JKU3HEAEATEIbHOCTH.
Cpena, B KOTOpPOI HAXOIWINCH OAKTEPHH, COJIEpKaJla 3HAUUTEIbHOE KOJIMYECTBO IMATH-
BAJICHTHOTO MbIIbika As(V) u THOCYIb(AT $,0;”". B TedeHHH ceMu JHEil COCTaB IMH-
TaTEeJIbHON Cpelibl IO COCAMHEHUSM MBIIIbSIKA U CEPbl CHJIBHO U3MEHSUICS, a 3aTEM BbI-
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XOJWIT Ha T1aTto. B xoxe Merabonm3ma OakTepuil BBIICISIICS Ta3000pa3HBIN CepOBOI0-
pon u popmupoBasics HEPACTBOPUMBI 0CATOK, KOTOPBIH, Kak MOKa3aJld UCCIeI0BaHuS,
COCTOSUT TIPEUMYIICCTBCHHO M3 CYJIb(DHIOB MBINIbSIKA W TPEICTABISUT COOOM CETh Ha-
HOTpYOOK nuamerpom oT 20 go 100 um u anuuoit no 30 mxM. IIpouecc oGpazoBaHus
(UITAMEHTOB HAYMHAJICS C CHHTE3a BHEKJIICTOYHBIX TOJIHCAXapHIOB, KOTOPBIC MOCTE-
NeHHO "00NemIsIuch" aMOpPHBIMUA HAHOUACTUIIAMH CECKBUCYIb(HIa MBIIIbiKa AS3S,,
MOCTEIICHHO 3aMenaromerocs Ha AsS 1 AsyS.

Kak moka3zanu skcnepuMeThl, OMOTeHHbIE HAHOTPYOKH CyIb(UA0B MBIIIbIKA 00-
naamy GOTOIyBCTBUTEIIBHOCTHIO M CBOMCTBAMU TIOJYTIPOBOTHUKA.

DTOT cnoco0 CHHTE3a MOIYIPOBOJIHUKOB OKa3alICs JIeTye MPOMBIIUICHHOTO U, KaK
CUHTAIOT aBTOPHI, 3TO OTKPBIBACT MyTh K CO3/IaHUIO0 HOBOTO MOKOJICHUS d()(HEKTHBHBIX
HAaHOMETPOBBIX ONTOAIEKTPOHHBIX YCTPOMHCTB.

1.5. MacmirtabHoe MPON3BOACTBO HAHOTPYOOK

[Toxanyi, MOXXHO CcKaszaTh, 4TO yriaepoanbie HaHoTpyOku (YHT) 3a mocnemnue
HECKOJIBKO JIET MpeBpaTWIMCh B CHUMBON HaHoTexHonorwit. YHT, Gnaromapst cBoum
YHHUKAJIBHBIX (bI/ISI/IKO-XI/IMI/I‘-IeCKI/IM CBOfICTBaM, SABJIAKOTCSA HaI/I6OJ'IeC HNEPCIICKTUBHBIMU
MaTepuagamMH JJisi OTPOMHOTO MHOKECTBA MPUMEHEHUH B 3JIEKTPOHUKE, KOMITO3UTHBIX
Marepuralax, XUMHYCCKUX UCTOYHUKAX TOKA U T.H. YHOpHﬂOquHG HaHOpr6OK B MaTe-
pHualie urpaeT HeMaJOBaXKHYIO POJib, TaK KaK UMEHHO 3TUM M Oompeensercs, OyaeT au
Marepural U30TPOIMHBIM HJIU K€ aHU3OTPOIHBIM IO OTHOIICHHUIO K TEM HJIM MHBIM CBOI-
CTBaM (HampuMep, TEIUIO- U SJICKTPOIPOBOJTHOCTH).

(a)

Aligned CNTs—> Aligned

(b) Top heating CNTs
Zo0 : + element Nozzle

Catalyst
nanoparticle

Roll-to-roll processing

Bottom heating Substrate

element
Puc. 5. IIpoyecc HenpeprlgHo2o pocima VHT. (a) Cxema no0suMCHON KpeMHUesoll NOOAI0NCKU € HAHECEHHBIM
xamanusamopom Fe/AI203 u pocma Ha Hux HaHompyoox. (b) Cxema pachnoloXCeHua HaZpeeamenbHblx 31eMeHmos U
conia, nodarnuezo 2az-peazenm. (¢, d) Pomospaduu YeMasoexku ¢ BoKY U ceepxy, COOMEEMCIMeeHHo

Moving stage

Ha cerommsimiauii AeHb MpesiokKeHO HECKONbKO crocoboB nonyuyenus YHT, on-
Hako HamOoJee Y3pPEKTUBHBIM IS CO3/IaHUS TUIOTHOTO MAacCHBa HAHOTPYOOK SIBIISIETCS
TEPMOXUMHUECKOE OCAXKIACHHUE U3 Tra30BOM (pa3bl MPEKypCOpPOB, COACPKAIIUX YTIEPO/,
KOTOPOE KaTAIM3UPYETCS HAHOYACTHUIIAMHU METAIUIOB (T.€. 3TO (PaKTHUECKU aHAJIOT Me-
tofa CVD). ABTopsl paboThl, omy0nukoBaHHOM B *ypHaie Nanotechnology, ocHOBBI-
BasICh HAa OMMCAaHHOM BbllIe MeToAe cuHTe3a YHT, mpennoxuinm MeToa MpakTHYECKH
MPOMBIIIICHHOTO CHHTE3a HaHOTPyOok. OH 3aKirovaercs B TOM, 4TO KBaplieBas MOJI-
JIOKKa ¢ HaHCCEHHBIMU HaHOYacTHIlaMK Katanm3atopa Fe/Al203 (moapobOHee o kara-
Ju3e Ha HaHoYacTHIax Fe 3/1ech) MpOABHUraeTcs C Pa3IUYHBIMU CKOPOCTSIMHU MEXITY
JIBYyMsI HarpeBaTeJIbHBIMU 3JIEMEHTAMU TPH MOJa4€ COOTBETCTBYIOIIETO UCTOYHUKA YT-
nepoaa (stuneH). Ha puc. 5 mpencraBieHsl n300paxeHus: ycTaHOBKU. CTOUT OTMETHUTH,
YTO TIOJUTOKKY MOYKHO «Pa3rOHSATHY» BIUIOTH 10 2.4 MM/C 0€3 BUAMMBIX MTOTEPh B Kade-
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CTBE CHUHTE3UPYEMBIX HAHOTPYOOK, a BBICOTa TAKOI'O IUIOTHOTO «IECa» U3 HAHOTPYOOK
nocturaetr 1 cm.

VYuyéHble yBepeHbl, YTO OMMCAHHBIM BbIIIE METOJ CHUHTE3a Haubojee ONTUMAaJIeH
Ui KpynHoMaciutabHoro nmpousBojactBa YHT, onHako TpeOyeT nanbHeien onTuMHu-
3alMU YCIOBUH Pa30oKeHUsI HCXOTHON Ta30BOM CMECH U pOCTa HAHOTPYOOK.

1.6. MeToab! noJ1y4eHus1 YrjiepoHbIX POJLIOB

VYraepoHble HAHOMATEpPHAJbl MOJBEPraloTCs TIIATEIBHOMY HM3YUYEHHIO YK€ He-
CKOJIBKO JIET, HO JI0 CUX TOp HE BCE OHU MOoJApoOHO u3yudeHbl. Hampumep, nekuHckue
y4eHble JOMOJHHMIIM CIHUCOK TaKUX
MaTepHalioB, NO00aBUB K TpadeHy,
HaHOJEHTaM W HaHOTpyOKam
yraepoansle HaHocBuUTku (YHC).
HaHocBUTOK — CKpy4eHHBI Ci0i

rpadeHa — oO0JagacT MHOTHMH
YHHUKAJIbHBIMU CBOWMCTBaMH.
Hanpuwmep, 3JIEKTPOHHBIN

TPaHCIOPT  3aBHUCHUT  OT  M-T
B3aUMOJICHCTBUSL €r0 BHEUIHEH H
BHYTPEHHEH CTOPOH, a TOK MOXET
NpOTeKaTh HE  TOJBKO  4Yepe3
BHEUIHUI HWIMHIpP, KaK B CiIydae
MHOTOCIOIHBIX HaHOTPYOOK (MHT), a mo Bceii moBepxHOCTH. VX yHUKaIbHAS TOTIOJIO-
TUS YIPOIIAeT MHTEPKATSAIUIO, BeIb HAHOCBUTOK HE 3AMKHYT, M MO3BOJISIET YPPEKTUB-
HO HCITOJIb30BAaTh X B Ka4eCTBE aKKyMYyJsiTopa Bomoposa. OmIHaKo MmoKa BCE 3TO TOIb-
KO CIIOBa, MPOBEPUTH KOTOPHIE HA MPAKTUKE MEMIAI0 OTCYTCTBUE croco0a MOIYyYUTh
Ka4eCTBEHHbBIE HaHOCBUTKHU u
YCTpOMCTBA HAa X OCHOBE.

[IpemyioskeHHBIE  paHEee METOJbI
JOTTYCKaJIM TMOJIy4eHUE CBUTKOB TOJILKO
B CMECH C IpyrUMHU (popMaMH yIiaeposa.
Bce oHuM ocHOBaHBI Ha CKpy4YHMBaHUU .,
TOHKHX CJI0€B rpadura noa
BO3/ICIICTBHEM  YyIbTPa3ByKa, OJHAKO Step2 IPA
BbIcOkMM Bbixoa YHC coueraincs ¢ Hu3-
KUM KayeCTBOM MOBEPXHOCTH,
MOCKOJIbKY CKPYYHMBaHHUIO TIOJBEPrajiCh
KaK MOHOCJIOM rpadeHa, Tak 1Ba, TpU U ..
Ooutee C10eB. :

VYiiydiieHue KayecTBa MpOoU30IILIo, Step3 IPA
KOrJa MOHOCJIOHN rpaduTa yaaaoch Mo- — Intercalation
JAYYUTh TMPOCTHIM OTIIEIYIIUBAHHEM.
Torma ObUIO MOKa3aHO, 4TO TpuU ad-
copOIMM ra3za TaKue MOHOCIIOH CKpy4H- '
BAIOTCS, HO MO3K€e ObLT MPEJUIOKEH elle
Oosee mpoctoil U 3(PEKTUBHBIN CIIO- Step4
co0. I'padeHOBBIE CIION OTIISTYIIUBATIN
Ha IIPC/IBapUTEIIBHO I10/T0TOBICHH Y [0 | |
no/u10KKy (Si02(285 um)/Si) u onpene-
JISUTH KOJIMYECTBO CJIIOEB METOJOM CIEK-

Puc. 6. Cpas&eﬁue HAHOIEHMNEL, H(IHOHIP}'@KII U HAHOCEUMKA.

Puc. 7. Cxema 00pazoearua HAHGCEUMKA
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TPOCKOITUU KOMOWHAIIMOHHOTO PAacCesIMBaHMs. 3aTeM BBIOMPATH MOHOCIION U TOTPYKa-
nu ux B yamky [letpu ¢ nzonpomnanonom Ha 5 muHyT. [locne cymiku B a30Te 0ka3aiochk,
YTO JIBYMEpPHAs CTPYKTypa JACHCTBHUTEIHHO MPEBpaTHIIACh B OJHOMEpHY0. M300pake-
Hue [I1OM noaTBep:kaaeT, YTO ITO HAHOCBUTKH, CIIOM B KOTOPBIX IJIOTHO  PABHOMEPHO
ynakoBaHbl. [Ipu 3ToM paccrosiHue Mexay ciosMu coctasiseT 0.35 HM.

KP cnekTpsl moATBEepkAal0T, 4TO 00pa3yercs HE HAHOTPYOKa, a UMEHHO CBUTOK:
Tak Ha3piBaeMas "nmuHUS G" B CIIEKTpaxX XOTS M YIIUPSETCS 10 CPABHEHUIO ¢ TpaeHOM,
OJIHAKO OCTAaeTCs ropasao ykKe, UeM B HaHOTpYyOke, a "muHus D" mpakTtuyecku ncuesa-
€T, B OTJIMYME OT HAHOTPYOOK.

2. IlIpumenenue nanomamepuanog

2.1. HanoTpy0xu B paguo

Zettl mocTponyH MOTHOCTHIO (YHKIIMOHAIBHOE, CO BCTPOCHHBIM PaIHONpPUEMHH-
KOM, BO MHOT'O Pa3 MEHBILE, YEM  phicovacuumtuberadio  Regency TR 1 tansistor radio  Smaridust wirclest servior
nmo6oe MpebIayIee paguo, U3 o s -
yIIAepoJHbIX HAaHOTPYOOK. OnHa
HAHOTPYOKa CIyXKHT, KaKk U BCE
OCHOBHBIE KOMIIOHEHTBI PaaHo:
AQHTEHHA, TIOHEp, YCWIUTENb U
nemoxnynarop. Ilpuem curnanos
MPOU3BOJUTCS C TIOMOIIBIO BbI-
COKOYACTOTHBIX  MEeXAHUYECKUX
KoJIeOaHNH HAHOTPYyOKH, a He
yepe3  TPaJAMLUOHHBIE  AJIEK-
TPUUECKHE CPENICTBA.

N3o6paxenus, - .
HOJTyICHHBIC C OMOIIBIO Nanotube radio (2007)
3JIEKTPOHHOU MHKPOCKOIIHH,

OKA3LIBAIOT omHy 3 Puc. 8, H3:mededue PAIMEPOE paAdUo o sPeMereM

YTIAEPOAHBIX HAHOTPYOOK, TOpYALIMX M3 BJIEKTPOJOB. OTH HAaHOTPYOKH MEHbILIE MHUK-
pona, miu B 10000 pa3 ToHbIIE, YeM IIMpHUHA YeloBedeckoro Bosoca. Korma paauo
CUTHAJI KOHKPETHOW 4acTOThI 3aTparvBaeT HaHOTPYOKY, OHA HAYMHAET aKTUBHO BUOpH-
pOBaTh. DIEKTPUUECKUN TOK MOMKET UCIIOIB30BATHCA Il OOHAPYKEHUS MEXaHUYECKUX
Kosie0aHu HAHOTPYOKH, U 3TO MO3BOJISIET CIBIIIATH PAJANO CUTHABIL.

AHTEHHa U TIOHED OCYILECTBIIIOTCS B COBEPIICHHO HWHAYe, YeM TPaJULMOHHBIC
paANOCTaHIINK, TPUEM CHUTHAJIOB C MOMOIIBIO BBICOKOYACTOTHBIX MEXaHUYeCKUx KoJe-
0aHuit HAHOTPYOKH, a HEe Yepe3 TPaIUIMOHHBIE AIEKTPHUECKUE CpeacTBa. MBI yxKe uc-
MOJIb30BaJIM HAHOTPYOKU pajivio NS MOJyYeHHUsl U BocTipou3BeAeHust My3biku ¢ FM pa-
muoniepenady Takux kak Layla Dpuxa Kmnrona (Derek And The Dominos) u misix
Boy's Good Vibrations. Pagno HaHOTpYOKH Upe3BBIYAHO MaJIbIX Pa3MEepOB MOTYT IIO-
3BOJINTH PATUKAIBHO HOBBIE MPUJIOKEHUS, TAKUE KaK PagHOyINpaBisieMble yCTPONUCTBA
JMOCTAaTOYHO MaJbIX pa3MepoOB, UTOOBI CYIIECTBOBATH B UEIOBEUECKOIN KPOBU, UM IMPO-
CTO MEHbIIIE, JeneBne, U 3 deKkTuBHEe OECIIPOBOIHBIX YCTPOIMCTB, TAKUX KaK COTOBBIC
TenedOoHBI.

Bricokoe pasperieHne npocBeYMBAIONIETO MEKTPOHHOTO MUKPOCKOIIA TI03BOJISET
HaOMIOaTh HAHOTPYOKM paauvo B JeWcTBHM. Zettl 3ammcanu yeTsipe BHIeopUIbMa C
MOMOIIBIO 3JICKTPOHHOTO MUKPOCKOIIA, Tie HAHOTPYOKH pajlio UIPAIOT YETHIPE MECHHU.
B nauane kaxxaoro Bu1€0, pano HAHOTPYOKH HACTPOEHBI Ha JIPYTYIO YACTOTY, KOTOPOi
nepenaeTcs paauocurnan. Takum o06pa3om, HAHOTPYOKH HE BUOPUPYIOT, M TOJIBKO CTa-
TUYECKHE TOMEXHU MOTYT OBbITh yclbllaHbl. Kak TONBKO payo CTaHOBUTCS B TapMOHUU
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C MepelaBaeMbIM CUTHAJIOM, HAHOTPYOKa HaYMHAeT BUOPUPOBATH, KOTOpasl pa3MbIBaET-
csl B BUZICO, U B TO K€ BPEeMsl, My3blKa CTAHOBUTCS CIBIIIMMOM. 3a 1mociieiHee CTojleTue,
paauo B 3HAUUTENBHON CTENEHH YMEHBIIMIOCH 10 CPAaBHEHUIO C AEPEBIHHBIMU " B CTU-
ne cobop", paguoctanimsamMu 1930-x romoB, KapMaHHBIMU TPAH3UCTOPHBIMU PAJAUOIIPH-
eMHuKaMu 1950-X roJ1oB 1 COBPEMEHHBIMU B OJTHOM PAJIMOYUIIE B COTOBBIX TeIePOHAX
u O6ecripoBoIHBIX AaTynkax. [Ipomomxkas 3Ty TeHneHumo, Zettl eme 0osee yMEHbIIWIH
paaro, UCKYCHO OCYIIECTBMJIM HECKOJIBbKUX (DYHKUUN paguo ¢ OJHUM KOMIIOHEHTOM,
yIJIepOIHBIMU HAHOTpYyOKaMu. OTH paauo HAHOTPYOKM B Oosiee JEeBATHAAUATh pa3
MEHbIIIe, YeM BakyyMHas TpyOka Philco paguo ¢ 1930-x!

2.2. HanoMexaHN4YeCKHi JaTYUK ONpeae/IeHus] Mace YaCTHIl aTOMHBIX
pa3MepoB

KakoBa HammeHbIlIasg mMacca, KOTOPYIO MOKET U3MEPATh MPOCTOE MEXaHUUECKOe
ycrpoiictBo? ExnBa 3amerHble nbutnHKU? OnHa 6akrepust? Wi, BO3MOXXHO, HAHOKpU-
CTaJUI, COCTOSANINIA U3 HECKOJIBKUX ThIcAd atoMoB? B camom xgene, Zettl pazpaboranu
HOBBIM BUJ MEXaHUYECKOTO JaTyhKa, OCHOBAHHOTO Ha BUOpUpYIOLIeH YIIIEpOAHOMN Ha-
HOTpYOKe, KOTOPBIM MOYHO
ONpEeAeauTh MacCcy OAHOro aromal
MaccoBeIil  maTYMK, OCHOBAaHHBIM Ha
HaHOTPYOKe, OTHOCHUTCS K CEMEWUCTBY
IIPOTUBOBECA, U3BECTHOT'O Kak
UHEPYUANbHBILL  NPOMUBOEeEC. Otn
MIPOTUBOBECHl  MPEIACTABISIIOT  cOOOM
HNPYKUHY C INPUCOCIUHEHHONH Maccow,
KOTOpass MO>XET CBOOOIHO KOJIeOaThCsl.
OtcinexuBass H3MEHEHHS B 4acToTe

KoJIeOaHUH, MOXHO  OOHapy>XUTh
U3MEHEHHs B Macce. B arom
yCTpPOMCTBE,  HAHOTPYOKa  CIYXHT

Puc. 9. llpunyun oeflc MEUA HAHOMEXAHUYECKO20 damyuKa Hp}I)KI/IHOI\/'I, a TakKe KOHTPOIUPYS
4acTOThI €e KoyueOaHUs, Mbl MOKEM OOHapyXHUTh U3MEHEHMS B Macce, BbI3BaHHbIC a/l-
coOpOMpOBaHUEM OTICIHHBIC ATOMOB Ha MTOBEPXHOCTH HAHOTPYOOK. UTOOBI OBITH OOJICe
TOYHBIM, TEKYI[asi 9yBCTBUTEIBHOCTD yCTpoiicTBa coctaisier 1,3 - 10 -25 kr /T 1/ 2
niH, 9To dkBuBaieHTHO 0,40 aromoB 30mo0ta / 'y 1 /2. Takum oOpa3zoMm, myTeM paciiv-
pEeHMS IOHATHS HHEPHUOHHOTO OajlaHca 10 HaHOMETPOBOro macmTaba, Zettl yBennun-
JU €€ YyBCTBUTENbHOCTH J10 TMOps/IKa HaHO-BeNWYMHBI. HaHomMexaHWdeckuil NaT4uk
UMeeT MHO)KECTBO INMPEUMYIIECTB MO CPAaBHEHHIO C TPAJUIMOHHBIM CIIEKTPOMETPOM
TOYHOTO OmpeaeneHus macc. Bo-mepBbiX, 3TOT npudbop He TpedyeT MOTEHIUAIbHO
pa3pylaolyio HoHu3anuoo obpasna. (bonbiime mMonekynbl, Takue Kak OEJIKH, 4acTo
paspyLIalTcs MPU MOHU3AIMH.) BO-BTOPBIX, 3TO YCTPOHCTBO CTAaHOBUTCS OoJiee YyBCT-
BUTENbHBIM B BBICIIMX MAacCOBBIX JMANa30HAX B OTIMYHE OT TPAAULMOHHBIX Macc-
crexkTpoMerpoB. HakoHel, HaHOMeXaHUYECKUI NaTYMK KOMIIAKTEH U, B KOHEUHOM cye-
T€, MOKET OBITh BKJIIOUEH Ha YHIIE.

Kak MoxHO 00HApYX)UTh KOneOaHus yriiepoaHon HaHOTpyOku? HanotpyOku 00-
Jalal0T MEHBIIMM Pa3MEpPOM, YeM JIJIMHA BOJHBI CBETAa, ONTHYECKUE CTAaHAAPTHbHIC Me-
TOJBI JUIsl OOHapy>KeHus: BUOpaiuii HeyaauHbl. XOTS MOXKHO YBUAETH Koyie0aHUs ¢ TO-
MOIIbI0 TPOCBEYUBAIOIIETO AJIEKTPOHHOIO MHUKPOCKOMA, HO 3TOT METOH SBISETCS
CJIMIIKOM MEJJICHHBIM, YTOOBI ObITh MOJIE3HBIM, U 3TO HE MPAKTHUYHO sl KOMMepue-
CKUX NpUMeHeHUH. Perenne ams oOHapysKeHHs SJEKTpUUEeCKUX Konebanuil. Zettl uc-
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NOJB3YIOT MOIUGHUIMPOBaHHYI0 Bepcuio «HanorpyOku Pammo» . Ilo cytu, oHm ciy-
[IaI0T KOJIeOaHus HaHOTPYOKH.

2.3. XpaHeHue BOAOPO/a C HCNOIb30BaHUEM (y/LIepeHOB

XpaHeHHne BOJOpOJia — OJIHA U3 caMbIX OOJIBIIUX MPOOJIEM, C KOTOPBIMU CTOJIK-
HyJlach ajJbTepHATHUBHAs »Hepretuka. Ho oka3piBaeTcs, pelleHue ee He CIOoXKHee, YeM
MHUKPOCKOIUYECKHE MIapO00pa3HbIE MOJIEKYIIBI YIIEPOIa.

Kazanock Obl, BHHMaHHE B
OTH JHHN IMPUKOBAHO K
yIJIAepOJHBIM  HAHOTpYyOKaM |
yriepogHon HaHonposoake. Ho
Helb3s 3a0bpIBaTh W €Ile OJHY

MHOT000CIIAIOIIY IO u
YHUKAJIBHYIO YIIIEPOAHYIO
MOJIEKYITY — 0akuOoLI.

bakubonner (buckyballs), HazBan-
HbIE TaKk B YeCTh bakmuHCTEpa
®ynnepa, coaepxkar 60 aroMoB
yriepona. OTo camas MaJIeHbKas
Pa3HOBUAHOCTh  MIAPOOOPA3HBIX
YTIEPOTHBIX MOJIEKY I,
byniepeHoB, YHCIO AaTOMOB B
KOTOPBIX MOXET JIOXOIUTh IO
2000.

Hogoe HCCIIEIOBaHNE,
IMPOBEACHHOC YHI/IBepCI/ITeTOM
Paiica, IIOKa3bIBACT, 4TO Puc 10, Copyroypa gyarepena C60.

yrIIepoiHble 0aKHOOIIBI MOYKHO

MCIIOJIb30BAaTh Ul XpaHEHMsI BOJOPOAA C TUIOTHOCTBIO, CPABHUMOM € INIOTHOCTBIO sApa
FOnurepa. XpaneHne Bogopoaa — camas CJI0KHas 3a7a4d, KOTOPYIO TOJIBKO MTPEACTOUT
pelNTh MHIYCTPUM aJbTEPHATUBHBIX HMCTOYHUKOB 3Hepruu. Hecmorps Ha TO, 4TO
0oJbIINE HANEXKbl HAa MPEOJOJICHIE 3aBUCUMOCTH OT MCKOIAaeMOro TOILJIMBA BO3Jjara-
IOTCSI Ha BOJOPO/IHBIC TOIUIMBHBIE 3JIEMEHTHI U SKCIIEPUMEHTHI B 00J1aCTH BOIOPOIHOTO
cropanusi, mpoOaeMbl XpaHEHHUS BOJOPOa HE Ial0T 3TUM TEXHOJIOTUSM BBIUTH U3 J1a00-
paTopHBIX ycnoBui. Bomopos, cam mo ce6e UCKITIOYUTENBHO JISTKUH, JOKEH XPaHUTh-
Csl C TUIOTHOCTBHIO, MPEBOCXOMAIIEH IUIOTHOCTh XUAKOTO BOJIOPOJAA, YTOOBI COPEBHO-
BaThCsI C OEH3MHOM B IUIAHE PACCTOSHUS, KOTOPOE MAIIMHA CMOKET MPEOI0JIeTh Ha O1-
HOH 3ampaBKe. 3a1aua apXUCI0KHas.

HccnenoBanme, kotopoe OyaeT omyOIMKOBaHAa B MapTOBCKOM BBIMycke Nano
Letters, skypHana AMEPUKaHCKOTO XMMHUYECKOT0 001ecTBa, (MHAHCHUPOBAIOCH YaCTHY-
HO Oo0Jiee YeM MHJUTMApIHBIM T'PAHTOM Ha MCCJIEIOBAHUS B 00JIACTH XpaHEHHUs BOJOPO-
na ot Munucrepctba sHepretuku CHIA u yactuuno LleHTpoM BOEHHO-MOPCKHUX HCCIIe-
nosanuii. PyxoBoaurens npoekta bopuc Skobcon, mpodeccop MeXaHMYECKOTO KOHCT-
pyupoBanus B YHuBepcuteTe Paiica, mopaxeH pesyibratoM. «[lo Hammm pacueram,
HEKOTOpbIe OAKMOOIUIBI CIIOCOOHBI yIEPKUBATh HACTOJIBKO IJIOTHBIH 00bEM BOJOPOJA,
YTO TOT €[1Ba JIM HE NEPEXOAUT B METAUIMYECKOE COCTOSIHUE, — YTBEPKAAET OH. —
[Toxosxe, 4TO MpU KOMHAaTHOW TeMIIEpaType OHU MOTYT yAEp>KUBaTh BOJOPOJ BECOM J10
8 MpOLIEHTOB OT COOCTBEHHOTO, YTO 3HAUUTEIHHO Jy4Ille, YeM OPUEHTHP B 6 MPOIECH-
TOB, IIOCTABJICHHBII BJIACTAMUIY.

274



SIk0OCOH TMpU3HAET, UYTO WAES XPaHEHHUS BOJOPOJA B MOJEKYJSIPHOM KOHTEWHEpe
He HoBa. Enie B mpornuwioM, — corjamaercst OH, — ObUIO H3BECTHO, YTO OAKHOOJUIBI MO-
TYT XpaHuTh Bojopoa. Tem He meHee, uccienoBanue SIkoobcena Bmecre ¢ Onproi Ily-
nbIeBoil 1 AMupoM DapasHOM, ero ObIBIIUMH aCITUPAaHTAMHM, BIIEPBBIC MPEITIOKHIO
METOJ TOYHOTO BBIYMCIICHUSI 00BeMa BOJOPO/a, KOTOPHI CMOTYT, HE JIOMAasiCh, BBIIAEP-
KaTh MUKPOCKOITMYECKHE IIAPHI.

MecTto npoBeieHUs UCCIIEIOBAaHHS BECbMa CHMBOJIMYHO, Be/lb UMEHHO B Y HUBEP-
curere Paiic Gonee 20 ner ToMy Ha3zal ObUIM OTKPBITHI OakuOOMIBI. OOBICHSS, Kak
CTOJIb MaJICHbKHE MIAPHKH MOTYT XPaHUTh CTOJBKO BOJOPOJa, SIKOOCOH TOBOPHT:
«CBs131 MEXJIy aTOMaMH yTJIepoJia — OJHH U3 CAMBIX CHUJIBHBIX XUMHUECKUX CBSI3EH B
npupojie. IMEHHO 3TH CBSI3U JIETAIOT ajiMas3bl CaMOW TBEPIOM B MHpE CyOCTaHIHCH, 1
Hallle MCCIICIOBAHUE MOKA3bIBACT, UTO YIS JAeopMaIy WK pa3pbiBa CBSI3CH THITA YT-
JepoI-yriepoa B QyJuiepeHe TpeOyeT KoIoccalbHOE BHYTPEHHE JIABICHUE.

HoBoii MeToll BBIYMCICHHUS BMECTHTEIBHOCTH 33JCHCTBYET BBICOKOTOYHOE KOM-
IBIOTEpHOE MOAETHpOBaHUE. MoJIeNb U3MEPSIET CHITy CBA3EH MEXIYy aTOMaMu YTIEpo-
na B 6akuOoIIIe 0 Mepe J00aBICHHs aTOMOB BOAOPOAa. MoJielib YHUBEPCAIbHA B TOM
CMBICIIE, YTO MOXKET OBITh MacIITaOupoBaHa st PyuIepeHoB Jio0oro pazmepa. OHa He
TOJILKO TIOKa3bIBAET, CKOJIBKO BOJOPOA MOXKET BMECTUTh (YJUIEPCH, HO ¥ CHMYJIUPYET
pa3pbIB QyJuIepeHa, Koria yCTaHOBJICHHAS BEJIMYMHA OKa3bIBACTCS MPEBBIMICHA.

[To cnoBam $IkoOCOHA, HANOJHEHHBIC BOJOPOJOM. OAKHOOIIBI TEOPETUUYCCKU
MOXKHO OyZeT XpaHWTh B BUjae nopomka. «OHH, cKOopee BCero, OymyT coOMpaThCs B
ci1abble MOJICKYJISIPHBIC KPUCTAJUIBI WM 00pa3yroT MEIKUH MOPOIIOK, — YTBEPKIAET
oH. — Mcnonp30BaTh X MOXKHO OyneT JMOO LENBIMH, WIH YX€ TPOTHIKATh B OIpe/e-
JICHHBIX YCJIOBHSX JIJISi BBICBOOOXKICHHS YUCTOT'O BOJAOPOAA IS TOTUTUBHBIX 3JIEMCHTOB
WJIM JIBUTATEIIEH IPYyroro pojaay.

2.4. PazpaboTka TONIMBHOTO 6aka Oyayuiero

e

Puc. 11, Cmpyrmypa WcoXomeXnoIocu Hol SYOKK, OCHOSH MoNIUGHo20 Bara Bydywezo

B nowncke permreHust 6€30macHOr0 XpaHEHHUs BOJOPOJA MpH OOJIBIION TUIOTHOCTH,
y4€Hble U3 ['pennn BIEpBBIE MOIYUYUIU CTPYKTYpPY, KOTOpas, IO UX MHEHHIO, CTAHET
OCHOBOM TOIUTMBHOTO 0aka Oy IyIiero.

[Tpu omuHAKOBOM BEce BOAOPO B TPH pasza Oosiee SHePrOHACHIIICHHBIN, YeM OeH-
3WMH, HO Ta3 CIIO)KHO XpaHUTh. J[axke B HUIKOM BHJIe OH TpeOYyeT BBICOKOTO JIaBJICHHS
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WJIH CBEPXMOITHOTO OXJIaxaeHus. [locieHuit mpoTOTUIT aBTOMOOWIIS, KOTOPBIN CIIOCO-
OeH mpoe3kaTh TOIbKO 10 450kM Ha MoHOM Oake.

Bo3MOXHOCTE XpaHUTH OOJIbIIIE BOJOPOJAA MPOCTHIM CIIOCOOOM MOXKET IMPOJBU-
HYTh TEXHOJIOTHIO BIEPEN OJHUM MaxoM. A TOIUITMBHBIE OaKyd HOBOTO MOKOJECHUS IS
XpaHEHUs Ta3a BHYTPH TBEPABIX TEJ WU )KUJIKOCTEH Tereph JIEIat0T 3TO BO3MOMXKHBIM.

Yuénsle u3 ['periyin yTBEp:KAal0T, YTO OHU CIIPOCKTHPOBAIM MaTepHUall, CIoco0-
HBI OTBETUTHh TPEOOBAHUSAM, YCTAHOBJIEHHBIM IATH JIET Ha3zal JlemaprameHTOM DHep-
retuku CIHIA, 4ToObI co3MaTh MaTepHalibl, CIOCOOHBIE YIep>KUBaTh 6% CBOEro Beca B
BOJIOPOJIE.

Jlns cpaBHEHUS, camble MEPeIOBbIC CYIIECTBYIOLIUE TBEPBIE AKKYMYIUPYIOUIUE
MaTepHalIbl, THAPUIBI MEeTala, UMEIoT nudpy B 2 %.

Hccnenosatenu u3 YauBepcuteta Kputa B mpoluioM roay JoKa3aid, YTO yrie-
pOAHBIE HAHOCTIMPAIIM MOTYT yAepkuBath 10 3.31 % cBoero Beca B Bojgopoze. Ceitvac
OHH CIPOEKTUPOBAIHN CXOJHBIA MaTepHall, KOTOPbII TEOPETUUYECKH MOKET YAEPKUBAThH
MIOYTH B JBa pa3a OoJIbIIe.

HoBas paspaboTka 3akioyaeTcs B iucTax rpadeHa — yriiepoaHblil TUIacT TOMIIH-
HOU B aTOM — pa3feIEHHBIX CTOJIOIIaMHU U3 HAHOTPYOOK TONIIMHOMN B 1.2-HaHOMETpA.

[TpoBoaMIOCH UCKYCCTBEHHOE MOJAETUPOBAHUE, JJIS TOTO, YTOOBI AOKAa3aTh, UTO
MOJIEKYJIBI BOZOPOAA MOTYT CBOOOIHO U YHIUPOBATh O BCEW Macce BEIIeCTBa, KO-
TOpOE ‘3ampaBIseTCs’ MOJOKUTEIBHO 3apsHKEHHBIMU HOHAMU JIUTUS AT TOTO, YTOOBI
YCWINTB €r0 CBOWCTBA, O3BOJIAIONINE YIEPKUBATh I'a3.

Monenu noka3aiu, TO HOBbIE MaTepuabl morjomaioT 6.1 % cBoero Beca B BOJIO-
poJie Ipu KOMHAaTHOW TEMIEPAType U 1aBJICHUH.

OTo nyulHWe yAEpKUBAIOIIME CBOICTBA MaTEPHAIOB HAa CETOJHSIIHUNA JCHb.
@®payaakuc HajeeTcsl, 4YTO MOKa TEOPETUUECKKE MATEpHalIbl IOKaKyT IPOTHO3UPYEMBbIE
CBOIicTBa Ha mpakTuke. Ha JaHHBIN MOMEHT 10 MEHbBIIIEH Mepe JIBE MCCIIeI0BATEIbCKUE
TPYIIIBL, TBITAIONIUECS pa3padboTaTh HOBBIM MaTepHAll.

2.5. IlpuMeHeHHEe MeETANJIOOPraHMYECKOH CTPYKTYPbl /Uil XPaHEHUs
BOJI0OpOJia

Martepuaisl Ha OCHOBE yTiepoja MOTyT 0e3 JaBlIEHUSI XPaHUTh BOAOPOJ ¢ OOIb-
1€l TUIOTHOCTBIO, YEM IIJIOTHOCTh TBEPJAOrO BOAOpOAa. Uem BbIllle MHTEpEC K TaK Ha-
3bIBAEMOM «BOJIOPOJIHOM SKOHOMHKE» M K TPAHCIOPTY, COKUTAIOIIEMY BOJOPO]I WU HC-
MOJIB3YIOLIEMY €TI0 B TOIIUBHBIX 3JIEMEHTaX, TeM 0Ooyiee HACYIIHBIM CTAHOBHUTCS BO-
MPOC — Kak K€ XPaHUTh BOJAOPOJ. MHOTHE SKCIEPTHI MOJIATal0T, YTO ISl TOTO, YTOOBI
TPAHCTIOPT HA BOJOPOAHOM TOILIUBE MOI' COPEBHOBATHCA C OCH3MHOBHIM B JTAIbHOCTH
MOE3/I0K, BOJAOPOJ HEOOXOAMMO XPaHUTh C IJIOTHOCTHIO, MPEBBIIIAIONICH IIOTHOCTh
KUAKOTO Bojopoga. Takue ypoBHH KOMIIPECCHUHU 4ypeBaThl mpoliemamu ¢ 0e30macHo-
CTBIO M BBICOKOI CTOMMOCTBIO.

HepaBHo MBI paccka3bIBajiy O IJIaHAX XpaHEHUs BOAOPOJA B YIVIEPOIHBIX (yiie-
peHax, TakuX Kak «0akuOoib»y. A B LleHTpe HEUTpOHHBIX HccnenoBanuii HannoHab-
HOTO MHCTUTYTa cTaHAapToB U TexHosioruii (NIST) mpoaemMoHcTprpOoBaninm MHOTO00OE-
HIAIOU[YI0 HOBYIO TEXHOJIOTHIO XPAHEHHUS BOJOPOJAA C UCIOJb30BAaHUEM €IlI€ OJHOU K-
30TUYECKON PA3HOBUIHOCTH YIJIEPOAHBIX MAaTEPUAIIOB.

NIST, YuuBepcurer Mapunenna u KannpopHUCKHI TEXHOIOTUYECKHA HHCTH-
TyT COBMECTHO IPOBOJIMIN HCCIEAOBaHUS MeTajioopranndeckux pemerok (MOF).
DTOT TUIl COETMHEHUI CYUTAETCSl OYEHB MEPCIIEKTUBHBIM, TaK KaK MOXET C JIETKOCThIO
XPaHUTh U BBICBOOOKIATh BOJAOPOJ Ojaroaapsi MpoCTbIM U3MEHEHHSIM yCIIOBUHN XpaHe-
Husl. OHAXKIBI HA OTOH OCHOBE MOXET OBITh JJake pa3pabd0TaHO YTO-TO HAMOI00HEe TO-
IUTMBHOTO Hacoca.
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Eme oaHo mpeuMyIllnecTBO MeTallo-
OpPTaHMYECKUX PEIIETOK B TOM, YTO VIS BbI-
CBOOOKICHHUSI BOJIOPOJIa OHU HE HYXIAIOT-
csl B BBICOKHX Temmeparypax. Jpyrum ma-
TepuajlaM ToJ4ac TpeOYyIOT TeMIepaTypbl
or 100 mo 500 rpamycoB mo llenbcuro,
MIPEXKJIe YeM OHU BBICBOOOIAT BOJIOPO/I.

['pynma wuccrnengoBareneii cocpenaoTo-
yia cou ycunus Ha MOF-74, nopuctom
KPUCTAINTMYECKOM TIOpOLIKe, pa3paboTaH-
HoMm B Kamudopauiickom yHHBepcHTETE
Jloc-Anmxeneca. CoeHEHHE WMEET JIIO-
OONBITHBIN BHJ: YTJIEPOJ CKIAABIBACTCS B

Puc. 12. Hanocmpymypa MOF-74 CBOCTO pPOJia MOJICKYJISIDHBIC COJIOMHHKH,
M0 BHYTPEHHHUM TIOJOCTSM KOTOPBIX OEraroT MOHBI NUHKA. CONIOMUHKH OY€HB IJIOTHO
yHakoBaHbl, 00pa3ys MOpPOIIKOOOpa3HbIil Matepuall. biaarogaps yHUKaIbHOMY yCTpOMi-
CTBY MaTepHasia OJJMH rpaMM TaKoi CyOCTaHIIMM UMEET IJIOUIalb TOBEPXHOCTH PAaBHYIO
IUIONIA/IM TEHHUCHOTO KOpTa.

JlaHHasi CTpYKTypa YJIMBUTENBHO XOPOLIO YIAKOBBIBAET BOJOPOJ: YUEHBIE yCTa-
HOBWIH, yTo nipu 77 rpaaycax no Kenbuny (—196° C) MOF-74 nornomaer Oosnbiie
BOJIOPOJ1a, YeM J1I000i U3 U3BECTHBIX HAa CETOJHS HENPECCOBAHHBIX MaTepuasioB. Marte-
puan makyet BOJOpPOJ C IJIOTHOCTHIO, MPEBOCXOIAIICH TNIOTHOCTh TBEPAOrO BOIOPOAA.
UToOBI IPUITH K 3TOMY OTKPBITHUIO YUEHBIE HUCIIOJIB30BAU CMEIIAHHYIO TEXHUKY HEM-
TPOHHOTO paccenBaHMs U aOCOPOIMH Ta3a.

Kpeiir bpayn, yuensiii u3 LleHTpa HEHTPOHHBIX HCCIEIOBaHMUN, COOOIIAET, YTO
MCCIIEIOBATENIM HE BIIOJIHE YBEpEHbI, 4TO ke nmomoraet MOF-74 Tak 310pOBO BIUTHI-
BaTh BoAopoa. 1o ero cioBam, OHU CKIOHSIFOTCSI K MHEHHUIO O TOM, YTO 3TO MOJKET IIPO-
UCXOANUTh B pe3yibTaTe B3aUMOJCICTBHS BOJOPOAAa ¢ MOHAMM LIMHKA. bpayH Boomy-
nieBisieH nepcnektuBamu MOF-74: «Koraa Mpl Hauany HalM SKCIIEPUMEHTHI, Mbl ITOHS-
JM, YTO B3aUMOJCHCTBHE C METaNIOM HE TOJIbKO MOBBILIIAET TEMIIEPATYypy XpaHEHUS
BOJIOPOJIa, HO M YBEJIMYMBAET IUIOTHOCTH A0 OOJBIIEH, YeM Y BOJOpOJa B TBEPAOM CO-
CTOSTHUHU. DTO aOCOJIIOTHO TEPBBINA CITy4ai, Korja moo0Hoe ObII0 JOCTUTHYTO 0€3 mo-
MOIL KOMIIPECCUIY.

Temmnepatypa, HeoOXoaumas s ckinanupoBanus B MOF-74 nerko mocturaercs ¢
MOMOIIBIO JICIIEBOTO JKUIAKOTO a30Ta. ITO OOJNBIIOE MPEUMYIIECTBO MO CPABHEHUIO C
TBEPJBIM a30TOM, HY>KIAIOIIUMCS B TeMiiepaTypax Hike —269° C. MccnenoBarenu Ha-
JEIOTCS, YTO JAadbHEHIINe NCCIeIOBaHUS TO3BOJISAT UM JTHO00 MOIUPUIIUPOBATE MAaTEPU-
ai, 100 HAaWTH HOX0XKHE, YTOOBI CKIaJUPOBAHHE CTAJI0 BOSMOXKHBIM TIpH eIlie Oojee
BBICOKOH TemmepaType. Toraa MoxxkHO OyeT 0O0HUTUCH 0e3 CUCTeM OXJIaKICHUS U/ UITU
W30JISIIMK, a 3HAUUT CHU3UTH [IPOU3BOJICTBEHHBIE 3aTpaThl U YJIYYIIUTh SKOHOMHIO TO-
TJTHBA.
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