MunucTtepcTBo 00pa3oBaHus U Hayku Poccuiickoit @enepanuu
Apocnasckuit rocygapcTBeHHbI yHUBEpCUTET M. I1. I'. JleMmunoBa
Kadenpa oprannueckoit 1 OM0I0TMISCKON XUMUU

B. 1O. Opros
A. J1. KotoB
J1. A. bazios

OCHOBBI
HAHOXMMMHMHU 1 HAHOTEXHOJIOIMHN

Memoouueckue ykazanus

Pexomenoosano
Hayuno-memoouueckum cogemom ynugepcumema
OJis1 CMYO0eHmo8, 00y4aouuxcs no Hanpasienuro Xumus

SApocnasis 2012



VIIK 62-022.53:54(072)
BBK T's73
0 66

Pexomenoosano
Peoaxyuonno-uzoamenvckum cosemom ynusepcumema
6 Kawecmee yuebrno2o uzoanus. Ilnan 2012 2o0a.

Perntensent
Kadeapa OpraHmIeCKOr M OMOIOrHIECKON XUMUHN

O 66 OpJos, B. IO. OcHOBbl HAHOXMMHMH M HAHOTEXHOJIOTHIA:

meToandeckue ykaszanus / B. 0. Opinos, A. /1. Kotos, /1. A. baz-
noB; Spocn. roc. yH-T wm. I I'. lemunoBa. — Spociasisb :
Apl'Y, 2012. — 60 c.

B mMeToandeckux yka3zaHUsIX JdaHbl 0a30BbIE MMOHSATHS, ONpE-
JICTICHUST U TIPEICTaBIECHbI OCHOBHBIE OOBEKTHl HAHOTEXHOJIOT UM
B 1[€JIOM U HAHOXMMUU B YACTHOCTH.

[IpenHasHaueHbl 119 CTYACHTOB, OOy4Yaromuxcsi IO
HanpaiaeHuto 020100.62 Xumus  (nucuuminHa «OCHOBBI
HAHOXMMHH U HaHOTEXHOJIOrui», 0110k CJI, «OCHOBBI HAHOXU-
MUH U aHAJTUTUYECKOTO KOHTPOJISI HAHOPa3MEPHBIX OOBEKTOBY,
ki1 b3), ounoit popmbl 00ydeHUs.

YK 62-022.53:54(072)
bbK I'st 73

© SpocnaBckuil rocy1apCTBEHHBIN
yHuBepcuteT uM. I1. I'. lemunosa, 2012



BBeneHue

Cdepa HaHOTEXHOJOTUN CUUTAETCSI CETOJHSA BO BCEM MUPE KIIIO-
4yeBOW TeMol B 00siacTu pa3Butus TexHonoruit XXI Bexa. BozmoxHo-
CTH MX Pa3HOCTOPOHHEro MPUMEHEHHUS B CaMbIX Pa3HBIX 00JacTIX
SKOHOMUKH IMO3BOJISIT PEATM30BATh CAMbIE HEOXKHUIAHHBIC TEXHOJIOTH-
YECKUE MPOPBIBBI, COKOHOMUTH HAa ChIPhE M MOTPEOJECHUM SHEPIuU,
COKpaTUTh BBIOPOCHI B aTMocdepy U OyayT crocoOCTBOBATH TEM ca-
MBIM YCTOMYHMBOMY Pa3BUTHIO OOIIIECTBA.

[IpucTaBKa «HAHO-» O3HA4aeT OfHy MmutHapaayo (107) wacts
yero-1160. HanotexHonorus uMeeT Jeio ¢ pa3HooOpa3HbIMHU CTPYK-
TypaMH BEIIECTBA, XapaKTEPHBIA pa3MEP KOTOPBIX COCTABISAET MHIJI-
JMAapJIHbIE 10 MeTpa. XOTs yKa3aHHbId TEPMUH SIBJISETCS OTHOCH-
TEJIbHO HOBBIM, YCTPOMCTBO M CTPYKTYPBI, CBOMCTBA KOTOPBIX OIpe-
JENAI0TCS UX HAHOMETPOBBIMU pa3MepaMu, OTHIO/Ib HE BCErAa co3/a-
HBI JIFOJIBMU U B TOCIIEAHUE AeciaTuiieTuss. Ha camoMm gene onu cymie-
CTBYIOT Ha 3€MJIE CTOJIBKO K€, CKOJBKO CYIIECTBYET Cama >KHU3Hb.
Tak, MOJUTIOCK «MOPCKO€ YIIKOY» BBIPAIIMBAET OYEHb MPOYHYIO PAKO-
BUHY, CKJICMBasg HAaHOYACTHUYKH MeEJia CMEChIO0 OEJKOB C YIJIEBOJAMH.
TpemyHbl, MOABIAOIIAECS CHAPYKHU, HE MOTYT PACIPOCTPAHSITHCS B
000JI0UYKE M3-3a ITUX HAHOCTPYKTYPHUPOBAHBIX «KUPHUIUKOBY. I[lo-
JTOOHBIE PAKOBUHBI SIBJISIIOTCS IPUPOJHON JEMOHCTpPAIIMEN TOTO, YTO
CTPYKTYpPBbI, CPOPMUPOBAHHBIE U3 HAHOYACTHII, MOTYT OBITh HAMHOTO
MIpOYHEE OJHOPOIHOTO B 00bEME MaTepHuaa.

Takke B TOUHOCTHM HEU3BECTHO, KOTJIa YEIIOBEK BIIEPBBIE Hayall
WCIIOJIb30BaTh NPEUMYIIECTBA HAHOPA3MEPHBIX MaTepuanoB. EcCThb
CBeJeHUs, 4TO B [V B. H. 3. pUMCKHE CTEKJIOBAPHI [N CTEKIIO, CO-
JeprKalllee HAHOYACTUILBI METaUIoB. M3aenne 3Toi 3moxu, Ha3bIBae-
Moe vaien Jlukypra, Haxoautcs B bputanckom mysee. Yama, n3o0-
paxkaroias cmepth JIukypra, cliejiaHa U3 CTeKJIa Ha OCHOBE HAaTPOBOU
U3BECTH, COJIeprKalllell HaHOpa3MEpHbIE YacTHUIlbl cepedpa U 300Ta.
[[BeT yamm MEHSETCS ¢ 3€JIEHOr0 Ha TEMHO-KPACHBIN ITPU MOMEIICHUN
B HE€ MCTOUYHUKA cBeTa. OHAKO 3TO KpallHEe PeaKue MPUMEPHI JOCTa-
TOYHO CIy4allHOT'O PAHHETO MCIOJIb30BaHUS HAHOPA3MEPHBIX OOBEK-
TOB B U3JECTHUSX.

B uenom k koHiy XX BEKa 4eJIOBEYECTBO IMPOILIO MYTh OT MET-
POBOM 10 MUKPOMETPOBOU TEXHOJIOTUH. OCHOBHBIM SIBIIAETCA TO, YTO
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uX 00beAMHSAET OOIIHOCTh KJIACCHYECKUX 3aKOHOB, OMPEACIISIONINX
dbyHKIMOHUpOBaHUE ycTpoilcTB. Tak, Hampumep, 3akoH OMa oauHa-
KOBO CHPABE/JIUB U JIJIsI OBITOBOTO 3JIEKTPOHATrpeBaTeNs, U sl UHTE-
IpaIbHON MUKPOCXEMBbI. TakuM 00pa3oM, BCE 3TH TEXHOJIOTHUH MOTYT
OBITh 0OBEAMHEHBI OJTHUM CIIOBOM — KIACCUYECKUE.

Hayka 00 aromax W MpOCTBIX MOJEKYJax, C OJHOW CTOPOHBI, U
HayKa O BEILECTBE, OXBAThIBAIOIIAsl MUKPOCTPYKTYPhI U Oojiee Kpym-
HbIE MacIITa0bl, C APYrOi CTOPOHBI, B IIEJIOM BITOJIHE C(HOPMHUPOBAHBI.
Ocraetcst 001aCTh HAHOMETPOBOTO MaciiTaba — mpuMmepHo oT 1 10
100 MoJsieKyJISIpHBIX AUAMETPOB, — KOTOpas onpeneiseT GpyHaamMeH-
TaJIbHBIE CBOMCTBA MAaTEPHUAJIOB U MO3BOJISIET YIIPABIATh UMU. B Hayke
Y TEXHUKE MPOMU30IIIa PEBOIIOIMSA, OCHOBAaHHASI HA BO3MOYXHOCTH H3-
MEPSITh U OPraHU30BBIBATH MATEPHIO HA ATOM ypoBHE. [Ipu pazmepax,
COCTAaBJISIFOIIMX JIECATHIE JOJIU MUKPOMETPA, HAUUHACTCS TEPPUTOPUS,
MOJBJIACTHAS! KBAHTOBBIM 3aKOHAaM, B KOTOPBIX MPOSBIISIET ceOs1 BOJI-
HOBasi pUpoJa dJekTpoHa. M 3To uMeHHO Ta 00JacTh, HA KOTOPOM
MIPEJICTOUT OCYLIECTBIATHCA HAHOTEXHOJIOTUHU. YUTO )K€ HAC OKUIAET,
KOrJla MUKPOHHBIM pa3zMmep Oynetr ymenbiieH B 1 000 pa3? Ilepssiii
OTBET MOXKHO J]aTh Cpa3y: Ha ATON TEPPUTOPUH HE PabOTaIOT 3aKOHBI
KJIACCUYECKUX TEXHOJIOIMM, YIOMHYTbIE BbIlIe. M ¢ 3TOM TOUKHM 3pe-
HUSI HAHOTEXHOJIOTUS ABJSIETCA keanmosol. Kpome Toro, yeinoBeue-
CTBO BCTYIIA€T B «IPOM3BOJICTBEHHYIO» 00JIACTh, B KOTOPOU HCUE3aeT
rpaHb MEXIy JKUBOW W HEXMBOU mpuponon. O0nacTu auamna3oHOB
JUISL psijla HAHOpPa3MEpHBIX 00pa3oBaHUM MPUBEACHBI HA puC. 1.

Puc. 1. Obracmu ouanasonos
0J151 psI0a HAHOPA3ZMEPHBIX 0OPA30BAHUL

Pa3zpabotkamu B cdepe HAHOTEXHOJIOTHM 3aHMMACTCS HOBas
MEXIUCIUTIMHAPHAS 00J1acTh — HaHOHAyKa, OJIHMM W3 HalpasJe-
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HUM KOTOPOM siBiIsieTcss HaHOXUMMS. HaHOXHMus BO3HUKIIA Ha pyOexke
BEKOB, KOT/Ia Ka3aJ0Ch, YTO B XMMHH YK€ BCE OTKPBITO, BCE MTOHATHO,
U OCTaeTCsl TOJIbKO MCMOJIb30BaTh Ha Ojaro oOliecTBa MpUOOpETeH-
HBIC 3HAHUSL.

XWMUKHU BCETZIA XOPOIIO MOHUMAJIA 3HAYEHUE ATOMOB U MOJIEKYJI
KaK OCHOBHBIX «KUPHUYUKOB)» OTPOMHOI0 XUMHUUYECKOTO (hyHIaMEHTa.
B TO xe BpeMs pa3BUTHE HOBBIX METOJIOB MCCIIC/IOBAHUSA, TAKUX KaK
ANEKTPOHHAS MHUKPOCKOIIWSA, BBICOKOCEIEKTUBHAS MAacCC-CIIEKTPOCKO-
1S, B COYETAHUM CO CIEIUATbHBIMU METOJaMU MPUTOTOBJIICHUS 00-
Pa3ioB MO3BOJIWIIO MOJIYyYaTh UHPOPMAIMIO O YaCTHUIIAX, COJIEPHKALIUX
HEOOJBIII0e — JIECITKU U COTHH — KOJIMYECTBO aTOMOB. Y TOOOHBIX
O00BEKTOB pazMepoM OK0JI0 1 HM OOHapyX)eHbl HEOOBIYHBIE, TPYIHO-
MpeJCKa3yeMble XUMUYECKUEe CBOMCTBA. OKa3aaoch, YTO TAKWE HAHO-
YACTHIIBI 3a4aCTYI0 00J1aal0T BRICOKOM aKTUBHOCTHIO M C HUMU B IITH-
POKOM HMHTEPBAJIE TEMIIEPATyp BO3MOXHO OCYILIECTBICHHE PEAKIIUH,
KOTOPbIE HE YT C 0OBEKTaMH MaKpPOCKOIMMYECKOTO pa3mepa. M3yue-
HAEM XUMHUYECKHAX CBOMCTB TAKHAX YACTHUI] U 3aHUMAETCSI HAHOXHUMMUSL.

1. OCHOBHbIEe 00BLEKTbI U MOHATUA HAHOTEXHOSOMMMn

CyIIHOCTh HAHOTEXHOJIOTUU COCTOUT B TOM, YTO OHA IO3BOJISET
IKCTIEPUMEHTATOPY PaboTaTh HA MAaKPOMOJIEKYJISIPHOM M CylpamMoJe-
KYJISIPHOM YPOBHE, TaK KaK CTPYKTYPHBIE 3JIEMEHTBI, U3 KOTOPBIX CO-
CTOSIT HAHOMAaTepHabl, UMEIOT OYE€HBb MajbIk pasmep. 1Ipu s3Ttom yna-
€TCsl CO3[aTh MaTepualbl C HOBBIMU (PUBMUYECKUMHU U XUMHUYECKUMU
CBOMCTBAMH U ()yHKIIMOHAJIBHBIMA BO3MOKHOCTSIMU.

HaHopa3mepHble OOBEKTHI 3aHUMAIOT MPOMEKYTOUHOE IOJIOXKE-
HUE MEX]y 00BEMHBIMU MaTepHUallaMH, C OAHON CTOPOHBI, U aTOMaMH
1 MOJIEKYJIaMU — C Apyrou. OHU SBJISIOTCS IPOMEXYTOYHBIM U CBSI-
3YIOIIUM 3BEHOM MEXKIY MHUPOM, B KOTOPOM JEHCTBYIOT 3aKOHBI KJlac-
CUYEeCKOM (DU3UKH, © MUPOM, B KOTOPOM JECHCTBYIOT 3aKOHBI KBAHTO-
BOW MEXaHUKHU.

Mup maxpoeenuyun TPEACTABISIET COOOM OOBEKTHI, COCTOSIINE
U3 KOJIOCCAJILHOTO KOJIMYECTBA 00pa3yroIIMX WX aTOMOB M MOJEKYI.
OTH 00BEKTHI IO CTPYKTYPE MOTYT OBITh KAK BHYTPEHHE OJHOPOIHBI-
MH, TaK U HEOJHOPOJHBIMU. B caMbIX COBEPIIEHHBIX BHELIHE OJHO-
POJHBIX Marepuainax (Hampumep, CIUIaBbl METAJJIOB) UMEIOTCS HEO/I-
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HOPOJHBIE 00J1acTH, 00J1a1af0II1e CBOUMH OCOOCHHOCTSIMHU M OTJINYHU-
SIMH, TOSIBJIEHUE KOTOPBIX ONPEAEISIETCA TEXHOJIOTUEN MTPOU3BOJICTBA,
YCIOBUSMHU KPUCTAUIM3AIUU U T. 1. (IIyCTOTHI, UCKaXEHUE (POPMBI
kpuctaia). Tak kak 00bEKThl MAKPOMHUPA MACCUBHBI U OOBEMHBI, BCE
MUKPOHEOAHOPOIHOCTH CTJIaXMBAKOTCS, a4 XAPAKTEPUCTUKH U Mapa-
METpBI ONKCHIBAIOT UX CBOWCTBA B IIEJIOM (TeMIEpaTypbl KUIEHUS U
IJIABJICHUS, DJIEKTPOMPOBOIHOCTD). JJisi MakpoMHpa 3TO €CTECTBEHHO
U 3aKOHOMEpPHO. 3aKOHBI Kjaccuuecko gusuku (3akoH Oma, 3aKoH
HproToHa), ACHCTBYIOIME B 3TOM MHpPE, OIMHPAIOTCS HAa HEOIPOBEP-
KHMBbIE IKCTIEPUMEHTAIbHBIC JaHHbIC U A0COJIFOTHO CIPABE/JIUBBI JJISI
T€X YCJIOBUN, KOTOPHIE OHU OMUCHIBAIOT.

TodHO Tak ke crpaBeJIMBbI 3aKOHBI KBAHTOBOW MEXaHWKH, OIH-
CBIBAIOLLIUE MUP AMOMOS, MOJIEKYl U INeMeHmapHulx yacmuy. B sTom
MHUpE BCE O0BEKTHI OJHOTO THUMA (HAIpUMeEp, aTOMbI OJHOTO 3JIEMEH-
Ta, 3JEKTPOHBI, MO3UTPOHBI WM MIOOHBI) aOCOJIIOTHO OJWHAKOBBHI U
CTATUCTUYECKH a0COJIOTHO HEepa3auuuMMbl. Ha 3TOM MOJIO)KEHHUH T0-
CTPOEHBI BCE HAIIIM MPEACTABICHHUS O MUPE ATOMOB M MOJIEKYI.

WNHuas cutyanusi CKjiagblBaeTCsl B HAHOMUpPE. 37€Ch MPUOPUTETHO
HE JICWCTBYIOT 3aKOHBI HU KJIACCUYECKOUW (hM3UKHU, HU KBAHTOBOU Me-
xaHuku. HaHocucTeMbl Kak COCTaBHbIE YACTH HAHOMHUpA MPEACTaB-
Js10T co00i Habop HaHouacTull pazmepoM He O6onee 100 HM B HEKO-
TOpoil cpeae (BOAHOM, razooOpa3HoM, TBepaoi). Takum oOpazowm,
HAHOCHCTEMBI ClIelyeT MOHMMATh Kak OOpa30BaHUSs, CIIOXKEHHbBIE U3
MEJIKUX €IWHUII, HalpUMEpP KJACTEPOB — MHUHHUMAJbHBIX CTPOHU-
TEJbHBIX «KUPIHYMKOB» BeIIeCTBa. TaK, OOBIKHOBEHHAs U BCEM U3-
BECTHAasi BOJla COCTOMT M3 KiactepoB (puc. 2). Ilpu HOpMalIbHBIX
ycnoBuax 80% MONEKYJT BOABI CBA3aHO B KJIACTEPHI, a IPU MOBBIIIIE-
HUU TEMIEPATypbl 3TU KIACTEPHl JTUCCOLUUPYIOT HA OTHAEIbHBIE MO-
neKkyJibl. PazMep nogo0oHoro Kiactepa He npeBsbimaeT 10 HM.

Ha ypoBHE KiacTepoB aKTUBHO
TIPOSIBIISTFOTCSI BCEBO3MOJKHbBIC
3(heKTh, KOTOpbIe Ha3bIBAIOT
pa3MEepHBIMHU, TaK KaK OHU 3aBH-
CSIT UIMEHHO OT pa3Mepa YacTHIl.

Puc. 2. Knacmep 600wi



Kaxk nipaBuiio, pazmepHsbie 3PHEKTh TPOSIBISIOTCS, KOTJla pa3Mep
gacTull He npeBbimaeT 100 HM, 1 HanboJIee OTYCTIMBO MPOSIBIISIIOTCS,
Korja ux pasmep craHoBurcsa MeHee 10 aM. K pazmepHbiM dddexTam
OTHOCATCS: XMMHUYECKasi aKTUBHOCTh, IIOTCHIIUA MOHU3AIUN, SHEPT U
CBSI3M MEXJy aTOMaMH B YAaCTHUIIE M MEXIY YaCTUIIAMU, KPUCTAIIO-
rpaduyeckas CTpykTypa. Temmeparypy IUIaBI€HHS U ONTHYECKHE
CBOMCTBa TaK)X€ MOXXHO paccMaTpuBaTh Kak (PYHKIIUIO pa3Mepa 4da-
CTHUIIBI U €€ TeoMeTpun. Biusaue pasmepHbIx 3(phekToB HaHOMATEPH-
aJI0B MPOSIBIISIETCS B M3MEHECHUU ONTHUYECKHX, KATAJIMTHYECKUX, Me-
XaHUYECKUX, MAarHUTHBIX, TEPMUUYECKUX M DJICKTPHUYCCKUX CBOMCTB.
Tak, Ha puc. 3 npuBeIcHA 3aBUCUMOCTh TEMIIEpaTyphl IJIABJICHUS Ha-
HOYACTHII 30JI0TA OT UX pa3Mmepa.
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Pasmep gacTuil, HM

Puc. 3. 3asucumocms memnepamyput niasnienus
Haxnodvacmuy zojoma om ux pasmepa

PaccmoTpuM mnoapoOHee OCOOEHHOCTH CTPOEHUS HAHOOOBEKTOB
Ha TpUMEpE KpUCTAUIMUECKUX oOpazoBaHui. OcHOBHbIE 3(D(PEKTHI,
MPOSIBJISIONINECS B MOJOOHBIX CHCTEMAX, CBSI3aHbl C 30HHOM TE€OpHeEid,
WIN TEOpHEl sHEepreTHdecKkux 30H. Kak ykas3pIBajgoCh BbILIE, HAHO-
TEXHOJIOTHS, B OTJIMUUE OT SIACPHOU (PU3UKH, UMEET JEJIO HE C aTOMa-
MU, a C MOJICKYJIaMH, KJacTepaMu W HaHOKpUcTamaMu. Mosekya,
KaK MpPaBUJIO, COCTOUT U3 HECKOJIbKMX aTOMOB, KJacTep — M3 He-
CKOJIBKMX JIECTKOB U COTEH aTOMOB, HAHOKPHUCTALT — M3 HECKOJb-
KHX COTEH M ThICSY aToMOB. MIHTEpecHO, UTO MpHU Mepexojie OT eu-
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HUYHOT'O aToMa K MOJIEKYJie, KJIAaCTepy WM HAHOKPUCTAJUTy B PacIo-
JIO’)KEHUH DHEPTreTUYECKUX YPOBHEU MPOUCXOIAT CYIIECTBEHHbBIC W3-
MeHeHus (puc. 4).

Puc. 4. Pacnonoowcenue snepecemuueckux ypogneu
8 PA3IUYHBIX CUCTNEMAX

IlepBble Tpu 3HAaYEHUSI U3 HHEPreTUUYECKOr0 HaOOpa 3HAYCHUU
OJIMHOYHOTO aTOMa, Ha3bIBAEMOI'O TAKXKE CIEKTPOM 3HAYEHUM, Ipei-
cTaBjieHbl Ha puc. 4a. CoriacHo npuHuumny [laynu Ha ogHOM 3HEpre-
TUYECKOM YPOBHE 3alpelliacTcs HaXOXKIAeHUe 0oyiee ABYX AJIEKTPOHOB.
B pesynbrate nmpu mpUOIMKEHUM OJHOTO aToMa K JAPYroMy YpPOBHU
pacuierisitoTces: Ha aBa (puc. 40). [Ipu 1o6aBieHUN AECATKOB, COTEH U
THICSIY ATOMOB YPOBHH PACILICIUISIOTCA HAa TaKOE K€ KOJMYECTBO MOJI-
ypoBHe# (puc. 4B). Takum 00pazom, oOpa3yeTcs HaHOKPUCTAILI, pac-
CTOSIHHE MEX]Iy YPOBHSMH YMEHBIIAETCS, HO OHU OCTAlOTCS JUCKPET-
HBIMU U pa3IuYUMbIMU. B TOM ciydae, korga oOpa3yercss MOHOKpH-
ctaui (puc. 4r), KOJIMYECTBO aTOMOB CTaHOBUTCS paBHbIM 1 018 u 6o-
Jiee, a PacCTOsTHUE MEXy ypoBHsAMH — nopsanka 10—-18 3B, noxypos-
HU CTAHOBSTCS Hepa3znuuuMbIMu. [Ipu nepexose oT Kpucrasia K HaHO-
KPUCTAJTY BUJIHO, YTO MEPEXObl MEXKY YPOBHSMH YBEIUYMBAIOTCS.
JauHublit 2 dexT noaydr Ha3BaHUE KBAHTOBOPa3MepHOro d¢ekra:
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pU YMEHBIICHUHU pa3Mepa HAaHOYACTHII YHEPIHsl MEXKIY dHEpreTHde-
CKUMU TEPEXOJAMH, a 3HAYUT M HSHEPrUsi KBAHTOB M3IYUYEHHS YBEIH-
yrBaeTca. IMEHHO MOATOMY Takasi XapakTepUCTHKA, KaK I[BET KOJUIO-
WIHBIX PAacTBOPOB HAHOYACTHII, 3aBUCUT OT MX pa3Mepa. KBaHTOBO-
pa3MepHbIil 3P HEeKT UrpaeT OrpoMHYIO POJIb B HAHOTEXHOJIOTUSIX.

HanoTexHONOTUST UMEET JIeJI0 C OTNEIbHBIMH HAaHOOOBEKTAMHU, C
MaTepHraliaMy Ha UX OCHOBE, a TAKXKe C MpoIlleccaMu Ha HAHOYPOBHE.

[To coBpeMEHHBIM MPEACTABICHUSIM HAHOYACTHIBI — 3TO Ya-
CTHIIBL, KOTOPBIE HE MPEBBIMAIOT B pasmepax 100 uM u cocrost u3 10°
WJIM MEHBIIETO KOJIMYecTBa aToMoB. HaHowyacTuily nmpuHsITO paccMart-
pUBaTh KaK COCTaBHYIO 4acThb OOBEMHOI0 Marepuana, KoTopas Je-
MOHCTPUPYET CaMble Pa3HOOOpa3HbIE CTPYKTYpPHBIE DJIEMEHTHI, 4Yei
pasmMep, ONpeeIIONINi CBOMCTBA, UMEET HAHOPa3MEPHOE 3HAUCHHE !

- OJHOMEpHBIE (TOHKHE MJIEHKH, B KOTOPbIX HAHOMETPOBBII pas-
Mep UMEET TOJIHKO TOJIINHA);

- IByMEpHbIE (CTPYKTYpPHI, MOJYyUYEHHbIE HA TOHKUX IJICHKAX Me-
TOJIaMH OCAXKJICHUSI UJIM COPOLIMU HAa HUX HAHOYACTHUIl METAJIIOB);

- TpeXMepHbIe (TIOPUCTHIE MaTepUalbl, MOPUCTHIC CTEKJIA) U BCe-
BO3MOXHBIC UX KOMOWHAIIIH.

[To pa3smepHOMYy NpH3HAKy HAaHOOOBEKTHI AENAT HA TPU THIIA.
HaHooObekThl kBa3uHyJabMepHbIe (0D) — 3T0 HaHOuYacTHIbI (KJa-
CTEpPbI, KOJUIOU]IbI, HAHOKPUCTAJUIBI U (DYJUIEPEHbl), COEpHKAIIUE OT
HECKOJIBKUX JIECATKOB JO0 HECKOJIBKUX THICSY aTOMOB, CTPYHITHUPOBaH-
HBIX B CBS3KM WIM aHcambiu. B »ToMm ciydae Bce Tpu w3MepeHUs
(MHA, MIMPUHA, BBICOTA) HAHOMETPOBBIE.

KBa3uoaHomepHble Ha-
HO0OBEKTHI (1D): yrie-
pPOIHBIE HAHOTPYOKH U Ha-
HOBOJIOKHA, HAHOCTEPKHH,
HaHOIIPOBOJIOKU — T. €.
IAJTUHIPUYECKHUE 00BEKTHI
C OJJHUM U3MEpPECHUEM B
HECKOJIbKO MUKPOH U JIBY-
MsI HQHOMETPOBBIMU

.5).
(puc. 5) Puc. 5. YVenepoonvie nanompyoxu
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B nmanHOM ciiydae oJuH XapaKTepHBIM pa3Mep oObekTa (JJIMHA)
1o KpaiiHe Mepe Ha MOPAIOK MPEBBIIIACT APYyTrUe 1Ba; (GU3UKHU TaKUe
O0OBEKTHI Ha3bIBAIOT «KBAHTOBBIE ITPOBOJIAY.

JIByMepHbIe HAHOOOBEKTHI (2D) — MOKPBHITUS WK TUICHKU TOJI-
IIMHOW B HECKOJILKO HAHOMETPOB HA MOBEPXHOCTU OJIOYHOTO MaTepua-
na. B aToM ciydae TONBKO OAHO M3MepeHue (IMpruHa) HAaHOMETPOBOE,
7Ba APYTHX (JUIMHA ¥ BBICOTA) SBJSIOTCS MAaKPOCKOTTMYECKUMHU.

B 00111eM MOXHO BBIIEIUTH JBAa OCHOBHBIX MOAX0/A K MOJTYYCHUIO
HaHOYACTHUIl. BO-TIepBbIX, HAHOTEXHOJIOTHSI THINA «CHHU3Y—BBEPX»
(anrn.  «bottom—up» nanotechnology). DTo TEXHOJOTHUS IOIYUYCHUS
HAHOCTPYKTYPUPOBAHHBIX MaTEpUaAIOB, B KOTOPOW peanszyeTcsi 00pa3o-
BaHUE HAHOYACTHI] M3 aTOMOB M MOJIEKYJI, T. €. IOCTUTAETCS YKPYITHEHHE
WCXOJIHBIX 3JIEMEHTOB CTPYKTYPBI JI0 YaCTHI[ HAHOMETPOBOT'O pa3Mepa.
K TexHOMOrHsM 3TOr0 THMa OTHOCSTCS METOJbI, PUMEHIEMbIE ISl TI0-
JyYeHUS W30JIMPOBAHHBIX HAHOYACTHI], HAHOIIOPOIIKOB M KOMITAKTHBIX
HaHOMAaTEpUAIOB: Ta30(a3HbI CHHTE3 C IMOCISAYIONICH KOHICHCAIeh
MapoB, TIA3MOXUMUYECKUIN CUHTE3, OCAKICHUE U3 KOJIOUIAHBIX PACTBO-
POB, XUMHUYECKOE U (PU3NIECKOE OCAKJICHUE TUICHOK M TIOKPHITHHA U3 Ta-
30BOM (ha3bl, TUTA3MBI WITH JKUIKUX PACTBOPOB HA TOIOKKY U jp. [Tpu-
MEPOM MOKET CIIY>KUTh TaK Ha3bIBAEMOE «aTOMHOE MUCHMOY (pHC. 6).

Toukwu, COCTAaBJIAIOIIHAE
OyKBbI, cOOpaHbl U3 (par-
MEHTOB MOJIEKYJ TPUXJIOP-
ATUJIEHA,  [OJUMEPHU3YIO-
IUXCA Ha MOBEPXHOCTH
YIJIEBOAOPOJHON TUIEHKU B
pe3yapTare peakuuu Ipu-
BUTOM  OJINTOMEPU3ALINH,
CTUMYJIUPOBAHHOU  DJIEK-
TPUYECKAM TIOJIEM UIJIbI
CKaHUPYIOUIETO TYHHEIb-
HOI'O0 MUKPOCKOIIA.

Puc. 6. «Amomnoe nucoemoy,
npumep mexHoa02uu «CHU3Y—68epx»

BTopoli moaxon — HAHOTEXHOJIOTHSI THIA «CBEPXy—BHH3)
(anrn. «top—down» nanotechnology). IIpu 3ToM HaHOMETPOBBIN pa3-
MEp YacTHI[ JTOCTUTACTCS C MOMOIIBI0 M3MEIbUCHUs 00Jiee KPYITHBIX
YaCTHII, MOPOIIKOB WM 3€pEH TBEPJOTO Tea.
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2. O0OBbEeKTbl U NTOHATUA HAHOXNMUU

Kak ykazaHo BbIIII€, BCIEACTBUE PACIIONO0KEHHOCTH HAHOMHUPA HA
IpaHUIaxX KJIacCUueCcKor (PU3UKU U KBAHTOBOW MEXaHUKH €ro OOBEKTHI
y>K€ HeJb3sl pacCMaTpUBaTh Kak aOCOJIIOTHO OJMHAKOBBIE M CTAaTUCTH-
YECKHU HepazianyuMble. Bce OHM MHAMBUYyaJIbHBI, M OJIHA HAHOYACTHULIA
OTJIMYACTCS OT JIPYrOM COCTABOM, CTPOCHUEM U MHOXKECTBOM JPYIUX
napameTpoB (Hampumep, ¢ymnepersl Cqy u Cqg). HeBo3MOKHO UTHO-
PUPOBATh HAJIMYKUE HEOJHOPOIHOCTEN U HEPETYIISIPHOCTEN B CTPYKTYPE
00BEKTa U MOJB30BATHCA ISl €r0 ONMHUCAHUS CPEAHUMU, UHTETPAIbHBI-
MU XapaKTepUCTHUKAMH, KaK 3TO MPHUHITO B KIACCHUYECKON (hU3UKE.
Oco0eHHOCTh HAHOOOBEKTOB 3aKJIOYAIOTCA U B TOM, UYTO UX pa3Mep
COM3MEpPHUM C DPAIAYCOM JIEUCTBUSA CHJI MEKATOMHOTO B3aMMOJICH-
CTBUS, T. €. C PACCTOSHUEM, Ha KOTOPOE JOJIKHBI ObITh YIaJI€HBI AaTOMBI
Teja, YTOObl UX B3aMMOJICCTBHE HE CKA3aJIOCh Ha €ro CBOMCTBaxX B 3a-
METHOM cTeneHu. BeienctBue 3Toil 0COOCHHOCTH HAHOTENA B3aHMO-
JEUCTBYIOT APYT C APYTOM M C OKPYXKAKOIIEH CPENON MHAYE, UYEM MaK-
porena. Hayka, koTopass 3aHUMAETCSI U3YUYCHUEM CBOMCTB PA3JIMYHBIX
HAHOCTPYKTYP, @ TaKKe pa3pab0TKOW HOBBIX CIIOCOOOB UX IMOIYYEHHS,
U3y4YeHUS U MOoIU(HKaAIMKU, MOTy4Ynsia Ha3BaHUE «HAHOXHMM». OHa
HCCIIEAYET MOJIYyYEHUE U CBOMCTBA pa3jIMUHbIX HaHocucteM. HaHocu-
CTeMBbI TPEICTABIAIOT COOOM MHOKECTBO TE€J, OKPYKEHHBIX Ta30BOU
WK KUJIKON cpenod. TakuMu TeaaMH MOTYT OBITh MHOIOATOMHBIC
KJIACTEPHI U MOJIEKYJIbI, HAHOKAILJIM U HAHOKPUCTAJUIBL. DTO MPOMEKY-
TOYHbIE (DOPMBI MEXKYy aTOMAMU U MaKPOCKONTMYECKUMU TellaMu. Pas-
Mep cucteM octaercs B npenenax 0,1-100 am.

OnHa U3 MPUOPUTETHBIX 3ajlady ATOM 00JaCTU 3HAHUM — yCTa-
HOBJICHUE CBSI3U MEXIY Pa3MepOM HAHOYACTHUIBI U €€ CBOMCTBaMMU.
B HaHOXMMUHK YpEe3BBIYAWHO BEJIIMKA POJIb KBAHTOBBIX PasMepHbIX
3¢ ¢deKTOB, BHI3BIBAIOIIMX U3MECHEHUE CBOMCTB BEIIECTBA B 3aBHUCHU-
MOCTH OT pa3Mepa YacTHIl U KOJIMYECTBA B HUX aTOMOB UJIM MOJIEKYIL.
Ponb pasMepHbix 3P(EeKTOB HACTOIBKO BEIIHMKA, YTO MpPEeANpUHUMA-
IOTCSI TIOMIBITKY CO3/1aTh TaOJUIIBl 3aBUCUMOCTU CBOMCTB KJIaCTEpPOB U
HAHOYACTHUI] OT UX pa3Mepa U reomeTpuu Hanogooue [leproanueckoi
Tabnuubl. KBanToBBIE pazMepHbie 3(PHEKTHI ONPEEsIOT TAKUE CBOM-
CTBa BEIIECTBA, KaK TEIJIOEMKOCTb, 3JIEKTPONPOBOIHOCTh, HEKOTOPHIE
ONTUYECKUE CBOMCTBA U T. II.
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M3MeHeHusl XapaKTEPUCTUK CBSI3aHbI C JIByMSI OCHOBHBIMH TIPU-
YUHAMM: YBEIWYECHUEM JIOJIM MOBEPXHOCTH U U3MEHEHHEM 3JIEKTPOH-
HOM CTPYKTYpPHI B CUITY KBAHTOBBIX 3(DPEKTOB.

. . . . . . . . . CBoiicTBa aTOMOB, HaXo-
ISIUXCA  BOJU3M  IIO-

. O O . . O O O . BEPXHOCTH, OTJIHWYAKOTCS
. O O . . O O O . OT CBOMCTB aTOMOB, HaXo-
. . . . . O O O . JSIIUXCS B 00BeMe MaTe-
. . . . . puajia, IOATOMY IIOBEpPX-

HOCTb YaCTHIBI MOJKHO
paccMaTrpuBaTh Kak OCO-
1 . 2 O 00€ COCTOSHHE BEIICCTBA.
Yem Oousblie I0JA aTo-

Puc. 7. Uzmenenue coomuowenus
MOB, HaxXOJAIIMXCSA Ha

«NOBEPXHOCMHBIXY amomos (1)

U HAX0O0AWUXCS 8 0Obeme IIOBCPXHOCTH, TEM CHJIb-
mamepuana (2) 6 3a8ucumocmu Hee 3P (DEKTHI, CBI3aHHbBIC
om pasmepa Hacmuybsl C IOBEPXHOCTHIO (puC. 7).

OCOOEHHOCTH JIEKTPOHHOM CTPYKTYPbl HAHOOOBEKTOB OOBSICHS-
IOTCSl YCUJIIEHUEM KBAHTOBBIX CBOMCTB, CBSI3AHHBIX C YMEHBIICHHEM
pa3mepoB. HeoObIuHbIE CBOMCTBA HAHOCTPYKTYP 3aTPYAHSIIOT UX TPH-
BUAJIbHOE TEXHUYECKOE MCIOJIb30BAHUE U OJTHOBPEMEHHO OTKPBIBAIOT
COBEPILEHHO HEOKNJAHHBIE TEXHUYECKHE MEPCIIEKTHBBI.

CyliecTBeHHbIE pa3inuvsg B CBOMCTBAX HAHOYACTHI] HAYMHAIOT
BO3HUKaTh Npu pasmepax yactuil meHee 100 am. C sHEpreTudeckou
TOYKHU 3PEHUS] YMEHBIIEHUE Pa3MEPOB YaCTHUL MPUBOAUT K BO3pacTa-
HUIO POJIM MOBEPXHOCTHOM AHEPTHH, YTO BEJAET K U3MEHEHUIO (hU3u-
YECKUX U XUMUYECKHX CBOMCTB MaJIbIX OOBEKTOB.

Obvexmamu Uccie008anus HAHOXUMUY SIBIISIFOTCA Tella C TaKOMH
MacCoM, UTO MX PKBUBAJIEHTHBIN pa3Mep (auametp chepbl, 00beM KO-
TOpOM paBeH 00ObEMYy Tela) OCTaeTcs B IIpejieslax HaHOMHTEpBaJia
(0,1-100 aM). YCIOBHO HAHOXMMHUIO MOKHO Pa3/eIUTh HA TEOPETH-
YECKYI0, SKCIIEPUMEHTAJILHYIO U MPUKIAIHYIO.

Teopernyeckass HAaHOXMMHUSI pa3padaThIBAET METONBI pacyera
NOBEJECHNS HAHOTEJ, YUUTHIBAs TAKWE NapaMEeTphbl COCTOSIHUS YaCTHL],
KaK MPOCTPAHCTBEHHBIE KOOPJIMHATHI U CKOPOCTH, Macca, XapaKTepu-
CTUKH COCTaBa, (POPMBI U CTPYKTYPbI KaKI0M HAHOYACTHUIIBI.
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JKcnepuMeHTAIbHAasE HAHOXMMMS Pa3BUBACTCS B TPEX HampaB-
neHusx. B paMkax nepsozo, KOTOPBIN BIIOJHE COOTHOCUTCS C PA3/IEIOM
aHAJIMTUYECKOM XUMUU, pa3padaThIBAIOTCS U UCIIOJIB3YIOTCS CBEPXUYB-
CTBUTENbHBIE (DU3MKO-XMMHUUYECKUE METObI, JAIOIINE BO3MOKHOCTH
CYIUTh O CTPYKTYPE MOJICKYJ U KJIACTEPOB, BKIIOUAIOIIUX JICCATKU U
COTHH aTOMOB. Bmopoe HalpaBi€HHE HCCIAEAYET SBJICHUS IPU JIO-
KJIbHBIX (MECTHBIX) DJIEKTPUUYCCKUX, MArHUTHBIX WM MEXaHHMYECKHX
BO3JCHCTBUSAX HAa HAHOTENA, PEAUTM3YEMBIX C ITIOMOIIbI0 HAHO30HIOB U
CIelMabHBIX MaHUIYIATOPOB. IIpu 3TOM IpeciaeayeTcs 1eiab U3yIUTh
B3aHMMO/JICMCTBHE OT/IEIbHBIX MOJICKYJ ra3a ¢ HaHOTEJIaMH U HAHOTEI
JPYT C APYrOM, BBISIBUTh BO3MOKHOCTh BHYTPEHHUX MEPErPyNIUPOBOK
0e3 pa3pylieHus: MOJICKYJ M KJIacTEepoB M ¢ UX pacmagom. [laHHoe
HaIPaBJICHUE TaKXE HHTEPECYET BO3MOXKHOCTb «aTOMHON COOPKH»
HaHOTEJa HYKHOI'O BHEIIHErO0 BHJIA MPU IMEPEMEIICHUM aTOMOB IO
MIOBEPXHOCTH MOJJIOKKH (OCHOBHOTO MaTepuasa, IIOBEPXHOCTh KOTO-
pOTO MOABEpPraeTcs pa3iuyHbIM BUJIaM 00pabOTKH, B pPe3yJIbTaTe Yero
00pa3yroTCs CIIOW ¢ HOBBIMH CBOMCTBAMM WUIM HapalldBaeTCs IUICHKA
Ipyroro marepuaina). B pamkax mpemwveco HanpaBieHUs OINpeIes-
IOTCS MaKPOKHMHETHYECKHE XapaKTEPHUCTUKH KOJIJISKTHBOB HAHOTEN U
GYHKIUN UX paclpeiesICHHs 110 TapaMeTpaM COCTOSHHS.

IlpukaagHasi HAHOXMMHUSA BKIIIOUAET B ceOs1 pa3paboOTKy Teope-
TUYECKUX OCHOB NMPUMEHEHHUS HAHOCUCTEM B TEXHUKE W HAHOTEXHO-
JIOTUU, METOJIOB MPEJACKa3aHUs pa3BUTU KOHKPETHBIX HAHOCHUCTEM B
YCJIOBUSX HUX HMCIIOJB30BAaHUSA, a TAKXKE MOUCK ONTHUMAJIbHBIX CIIOCO-
OOB 3KCILTyaTalluu (MexHuueckas HaHOXumus); CO3JIaHue TeopeTruYe-
CKUX MOJIe/Iel MOBEJACHUS HAaHOCHUCTEM NP CHUHTE3€ HaHOMaTepHa-
JIOB ¥ TIOMCK ONTUMAJIBHBIX YCIOBUH WX MOJy4yeHUS (cunmemuue-
CKasl HAHOXUMUsl); U3y4EeHHE OUOJIOTUYECKHX HAHOCUCTEM MU CO3j1a-
HHUE METOJIOB UCIOJIb30BaHUS HAHOCUCTEM B JICUCOHBIX 1ENIX (Mmedu-
YUHCKASL HAHOXUMUSL); PAa3pabOTKy TEOpPETUUECKUX Mojesei obpa3o-
BaHUS U MUTpAIMM HAHOYACTHI[ B OKPYKAIIIEH cpelie U METOJIOB
OYMCTKH MPUPOIHBIX BOJI WJHU BO3JyXa OT HaHOYACTHIL (3Ko.102UYe-
CKAsl HAHOXUMUSL).

['oBOps 0 pazMepax 0OBEKTOB U3YyUEHUS, CACAYET YUUTHIBATh, UTO
IpaHUIIbl HAHOWHTEPBAJIa B XMMUM YCIIOBHBI. CBOMCTBA Teja B pa3HOU
Mepe YyBCTBUTEIIbHBI K €ro pasmepy. HekoTopsie U3 CBOMCTB TEPSIOT
cnetnuky npu pazmepe Ooswie 10 HM, apyrue — Oombiie 100 HM.
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[TosTOMy, 4TOOBI MEHBIIIE CBOMCTB HCKIIOYAIOCh W3 PACCMOTPEHUS,
BEPXHIOKO TPAaHUIly HAHOMHTEPBAJA MPUHUMAKOT paBHOU 100 HM.

B nanHom uHTepBajne ar000€ CBONCTBO CHEU(PUUECKU 3aBUCHUT
oT ero Maccel U obbema. [loaToMy 0ObEKTAMU HAHOXUMHUHM MOXHO
CUMTATh TE€, Y KOTOPHIX B3aUMOJECHUCTBUS KAKIAOT0 aTOMa CO BCEMU
JAPYTMMH aTOMaMM SIBJISIIOTCH 3HAYUMBIMH.

Knaccudukaimo oObEKTOB HAHOXMMHUHM MOXHO MPOBOJUTH IIO
pa3HbIM npuzHakam. Hanpumep, no ¢pazosomy cocmosanuro (tadm. 1).

Tabmuna 1
Kﬂaccud)ukauuﬂ 061)81('11108 HAHOXUMUU NO 4)a3oeomy COCMOAHUIO
da3oBoe Eananunbie Hano- KoMmnakTHoOe
Kuaacrepsl
CoCTOoOsIHMNE aTOMDbI qacTuubl BCIIIECTBO
HaMerT
A HMe P, 0,1-0,3 03-10 | 10-100 | Cspme 100
KoanuectB
€TBO 1-10 10-10° | 10°-10° | Cgpime 10°
aToOMOB

llo ceomempuueckomy npuznaxy (MEPHOCTH) HAHOOOBEKTHI MOXK-
HO KjiaccuuIpoBaTh mo-pasHoMmy. OIHU HCCIEAOBATENM Mpeia-
raloT XapakTepru30BaTh MEPHOCTh OOBEKTAa KOJIMYECTBOM H3MEPEHU,
B KOTOPBIX OOBEKT MMEET MaKpOCKONMHUYeCKHue pasmepsnl. [pyrue Oe-
PYT 32 OCHOBY KOJIMYECTBO HAHOCKONIMYECKUX U3MEPEHUM.

B Tabn. 2 npuBeneHbl OCHOBHBIE O0BEKThl HAHOXUMHUYECKUX HC-
CJIeZIOBaHUM (HAHOYACTHUIIBI U COOTBETCTBYIOIINE UM HAHOCUCTEMBI).

Tabnuna 2
O0veKmbl HAHOXUMUYUECKUX UCCE008AHUTL
HanouacTunsbl Hanocucremnl
DyiepeHbl Kpucramisl, pacTBopsI
TyOynenst Arperarsl, paCTBOPbI
Momnekybl OeIKOB PactBOpBI, KpuCTaIIbI
[TomuMepHBIE MOJIEKYJTBI 30J1, TeNH
HaHnokpucramisl Heopranu- A3p0301H, KOJUTOWIHBIE
YECKHUX BEIIECTB PacTBOPBI, OCATKHU
Munenbl Koiutoniabie pacTBOpBI
HaunoOmoku TBepapie Tena
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[linenku Tena ¢ IeHKoun
Jlenrmropa—bnomxer Ha [IOBEPXHOCTHU
Knacreps! B razax Aspozonu
HanouacTuiiel B ciiosix HanoctpykrypupoBaHHbIie
Pa3IMYHBIX BELIECTB IJICHKH

Knaccudukanuss HaHOOOBEKTOB MO MX MEPHOCTH Ba)KHA HE
TOJIBKO C (pOpPMaJIbHOM TOYKHU 3peHMs. ['eoMeTpusi CylIeCTBEHHO BIIU-
g€T Ha UX (PU3UKO-XMMHYECKHE CBOMCTBaA. PacCMOTpHMM HEKOTOpHIC
HanOoJIee MPUOPUTETHBIE OOBEKTHI UCCIEIOBAHMS HAHOXUMUHU.

Hanouacmuywvl uz amomoe unepmuuvix 2a306. SIBISIOTCS caMbIMU
MPOCTHIMU HAHOOOBEKTaMU. ATOMBI MHEPTHBIX Ta30B C MOJHOCTHIO
3aMOJIHCHHBIMU 3JICKTPOHHBIMU 000JI0OUKaMU €J1ab0 B3auMOJACHCTBY-
I0T MEXIy coOol nmocpencTBom cuil Ban-aep-Baainbca.

[Ipyn omucaHuM TakMX YacTHLL
OPUMEHSAETCSI  MOJIeTb  TBEPABIX
mapoB (puc. 8). DHEprus CBA3M, TO
€CThb JSHEprus, 3aTpadyrBacMas Ha
OTPBIB OT/IEJIHOTO aTOMa OT HAaHO-
YacTULbl, OYEHb Majla, MO3TOMY
YaCTULbl CYLIECTBYIOT MPU TEMIIE-
patypax He Bbie 10—-100 K.

Puc. 8. Hanouacmuuywi
uz 16 amomos apzona

Hanouacmuyvr memannos. B metammyeckux KiaacTepax U3 He-
CKOJIbKUX aTOMOB MOET OBITh PEajnu30BaH KaK KOBAJICHTHBIN, TaK U

METaJUTMYECKUI THUII CBsI3U (puc. 9).

Puc. 9. Hanouacmuuywl, cocmosiujue uz amomos
niamunwl (benvle cghepol) u medu (cepoie)
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HanovacTuiiel MeTaiuioB 00J1aar0T OOJIBIION PEeaKIIMOHHON CIIO-
COOHOCTBIO M YaCTO MCIOJIB3YIOTCS B KauecTBe Karaiu3aTopoB. Hano-
YaCTHUIIbl METAJIJIOB MOT'YT MIPUHUMAThH MPABWIbHYIO (POPMY — OKTad -
pa, uKocasapa, TeTpajcKadipa.

Dynnepensvt. [IpeacTaBnstoT coOOW MOJIbIE BHYTPU YaCTHIIBI, 00-
pa3oBaHHbIE MHOTOTPAaHHUKAMH U3 aTOMOB YTJIEpOJa, CBSI3aHHBIX KO-
BAJICHTHOM CBSI3bI0.

Ocoboe mecto cpenu dyepe-
HOB 3aHUMAeT yactuna u3 60 atoMoB
yraepoga — Cgp, HaOMHHAIOIIAS
MHKPOCKOITHUYECKU I byTO0IBHBIN
M4 (puc. 10).
OyiepeHbl HaXOIAT IMIUPOKOE
MPUMEHEHUE: B CO3JaHUU HOBBIX
CMa30K U aHTU(PUKITMOHHBIX MOKPBI-
Puc. 10. Monexyna THUM, HOBBIX THUIIOB TOIUIMBA, aIMa30-
¢yanepena Cg NMOJOOHBIX COCIUHEHUN CBEPXBBICO-
KOU TBEPIOCTH, JATYUKOB U KPACOK.

Venepoonvie nanompybku. ITO TMOJbIE BHYTPU MOJEKYJISIPHBIE
00BbeKThI, coctosimue npumepHo u3 1 000 000 aromoB yriepoaa u
peACTaBISAIOMNE COO0N OAHOCIONHBIE MM MHOTOCIONHBIE TPYOKH
nraMeTpoM oT 1 10 30 HM | JIMHOW B HECKOJIBKO JIECATKOB MUKPOH.
Ha noBepXxHOCTH HAaHOTPYOKH aTOMBI YIJIEpOJia PacloyiOkKEHbI B BEp-
IITMHAX MPAaBUJIBHBIX IIECTUYTOJIBHUKOB.

HanotpyOku 00nagaroT psSaoM yHUKaIbHEUIINX CBOMCTB, Ojlaro-
Japsi KOTOPBIM HaxoJsST HIMPOKOE MPUMEHEHHE NMPEUMYIIECTBEHHO B
CO3/IaHNM HOBBIX MATEPHUAJIOB, JICKTPOHUKE U CKAHUPYIOIIEH MUKPO-
CKOIHMU. YHUKaJbHbIE CBOMCTBA HAHOTPYOOK: BBICOKAS yJelIbHAs IO-
BEPXHOCTh, AJIEKTPONPOBOJHOCTh, MPOYHOCTh — TMO3BOJISIOT CO3/a-
BaTh Ha MX OCHOBE 3()(PEKTUBHBIE HOCUTENIN KaTaJIU3aTOPOB AJIsI pas-
JUYHBIX TporueccoB. Hampumep, u3 HaHOTPYOOK JENIal0T HOBBIE HC-
TOYHUKUA DHEPTUM — TOIUIMBHBIE SYEUKHU, CIIOCOOHBIE paboOTaTh BO
MHOT'O pa3 J0JbLIE, YEM MPOCThIE OATAPEUKH aHATIOTUYHOIO pa3Mepa.
Hanpumep, HaHOTpyOKM ¢ HaHOYACTHULAMU MaJUIAJUS MOTYT KOM-
NAaKTHO XPaHUTh BOJOPOJ B THICSYM pa3 OOJbIIE CBOET0 OObeMma.
JlanpHeimee pa3BUTHE TEXHOJIOTHH TOIUIMBHBIX SYEEK MO3BOJIUT Xpa-
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HUTb B HUX B COTHU U THICSIYM pa3 OOJIbIIIE IHEPTUHU, YEM B COBPEMEH-
HBIX OaTapeikax.

Honnvle knacmepuol. IlpeactaBisitor coO0OM KJIACCUYECKYIO KapTH-
HYy, XapaKTepHYIO JUIsi MOHHOW CBSI3M B KPUCTAIIMYECKOM pellieTKe
xjaopunaa Hatpus (puc. 11).

Ecnun noHHasg HaHo4YacThua A0-
CTaTOYHO BEJIMKAa, TO €€ CTPYKTypa
Onu3ka K CTPYKType OOBEMHOro
kpuctayuia. HoOHHBIE COEOUHECHUS
HaxXOJAT TPUMEHEHUE B CO3/IaHUU
(OTOTIICHOK C BHICOKUM pa3pelieHu-
€M, MOJIEKYJSIpHbIX (OTOJETEKTO-
POB, B Pa3IMUHBIX 00JIACTAX MHUKPO-
AIEKTPOHUKU U AIIEKTPOOINTHKH.

Dpakmanvuvle Kracmepwvl. ITO
OOBEKTHI C Pa3BETBJICHHON CTPYKTY-
poit (puc. 12): caxa, KOJUIOUJbI, pa3-
JUYHBIE a3p030Ji1 U a’porenu. Dpax-
Tajql — 3TO TaKOW OOBEKT, B KOTOPOM
OpyU  BO3PACTAIOUIEM  YBEIWYEHUU
MOHO YBHUJETh, KaK OJIHA U Ta JXKe
CTPYKTypa TIOBTOpSIETCS B HEM Ha
BCEX YPOBHSX U B JIIOOOM MacIiTaoe.

Puc. 11. Knacmep NaCl

Puc. 12. Opaxmanvuoii
Knacmep

Monexynapuoie kna-

cmepbl (CyTIpaMOoJIeKyJIsip-

HbIe cucTeMbl). Kiacteps,

COCTOSIIIINE U3 MOJIEKYI.

bonpIIMHCTBO KITacTepoB

SIBJISTIOTCSI MOJICKYJISIPHBIMH.

Nx gucio u paznoodpaszue

OrpOMHO. B wacTtHOCTH, K

MOJICKYJISIPHBIM KJIacTepam

OTHOCSITCSI MHOTHE OHOJIO-

IT'MYCCKHUC MAaKPOMOJICKYJIbI

(puc. 13).
Puc. 13. Bvicoxocnunogvie MoneKyasap-

Hble Kaiacmepbwl
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3. SKCHEPMMGHTaHbeIe MeToAbl UccriegoBaHus
HaHOMaTepuarnoB

Paszmep u ¢u3uKo-XxUMHUYECKHE CBOMCTBA HAHOYACTHI] TECHO CBSI-
3aHBl 1 UMEIOT OMPEACIISAIONICe 3HAUCHUE MPU U3YUECHUH XUMHUUECKUX
npeBpaiieHuil. [Ipu 3ToM CymecTBYIOT HEKOTOPBIE Pa3IUYUs B MOJ-
X0J1ax K MCCIIEIOBAHUIO CBOMCTB YaCTHUIl HA TIOBEPXHOCTH U B 00bEME.

K OCHOBHBIM MeTOJaM ONpeAeieHUs] pa3Mepa M HEKOTOPHIX
CBOMCTB HAHOYACTHII B Ta30BOM (paze OTHOCATCS CIIETyIOIIHE:

- oHU3ausa (POTOHAMHU U AIEKTPOHAMU C MOCIETYIONUM aHaJH-
30M TMOJy4aE€MbIX MAacCC-CIEKTPOB Ha KBAJPYMOJbHOM WM BPEMSIIPO-
JIETHOM MAacC-CIIEKTPOMETPE;

- AaTOMHOE PACHBbUIEHUE U OCYIIECTBICHHUE CEJIEKIIMU MO Maccam
HEUTpAJIbHBIX KJIACTEPOB;

- DJICKTPOHHAs IMPOCBEUMBAIOIIAS MUKPOCKOIHS HAa CETKax (MH-
dbopmarust o pazmepe u GopMe JacTHIL).

st monmydeHuss MHGOPMALMM O YacTUIAX Ha MOBEPXHOCTH MC-
MOJIb3YIOTCS:

- MPOCBEYMBAIOIIAS] U CKAHUPYIOWIAsl SJIEKTPOHHAS MUKPOCKOIHUS
(uadopMmarus o pazmepe/popme H4acTull, UX PaACHPEACICHUN U TOIO-
JIOTHHN);

- nudpakius 3MEeKTpoHOB (MH(popmanusa o pasmepe, aze —
TBEPAAs/KUJIKas, O CTPYKTYpE U JUIMHE CBSI3H);

- CKaHUpYyIoas TYHHEJIbHAsh MUKPOCKOMHUS (OmpeAesieHrue pas3-
Mepa, GOpMbI YACTUIIBI U BHYTPEHHEUW CTPYKTYPBbI);

- agcopOuus ra3oB (MHGOPMALKS O TUIONIAAN TOBEPXHOCTH);

- OTORJIEKTPOHHAS CIEKTPOCKONUSL (OMpeeICHUE 3JIEKTPOH-
HOM CTPYKTYpHI);

- 9JICKTPOIPOBOAHOCTL (MH(OpMAIUsI O 30HE MNPOBOJAUMOCTH,
MEPKOJISIIIUU, TOMOJIOTUH).

Jlns ompeneneHus pa3Mepa U HEKOTOPBIX CBONCTB HAHOYACTHII B
o0beMe UJTU MaTPHUIIE TAK)KE UCIIOIB3YIOTCS pa3IuyHbIE METO/IbI.

[IpocBeunBaronas U CKaHUPYIOIIAs SJIEKTPOHHAS MUKPOCKOIIUS,
ANIEKTPOIIPOBOHOCTD, a TaKXke NU(PaKIUs JICKTPOHOB JAIOT CBEJIC-
HUS O YacTHUIlax B o0beme, T.e. UHGOpPMAIIHMIO, aHAJIOTHIHYIO TTOTyda-
€MOM JJIsl YaCTHUIl HAa TOBEPXHOCTH.
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Puc. 14. Hena mynunenvnoco mukpockona.
Bonvgpam c oxucnoti nnenkoti

JUis yactul, B 00beME€ HUCIONB3yeTCsl U psAll APYTHMX METOJOB.
Hamnpumep, ¢ mOMOI1IbIO pEHTTEHOTPAPUU MOKHO ONPENEIATh pasMep
Y BHYTPEHHIOIO CTPYKTYPY YaCTHII.

PaccmoTpuM MeTobI OIpoOOHEE.

Muxkpockonus SIBISI€TCS. OCHOBHBIM METOJIOM OIPEIEIICHHS pa3-
Mepa HaHoyactuil. [lpu 3TOM, Kak MpaBWIO, UCIIOIB3YIOTCS 3JEK-
TPOHHAsT MHUKPOCKONMS, NMPUMEHSIONAs Jyd U3 Iy4Ka YCKOPEHHBIX
AJIIEKTPOHOB, U Pa3JIMYHbIE BAPUAHTHI 30HJOBBIX MUKPOCKOIIOB.

B 351eKTpOHHON MUKPOCKOITHH, B CBOIO OY€pE]lb, UMEETCS JIBA OC-
HOBHBIX HaIIPaBJICHUSA:

- IPOCBEUMBAIOIIAS AJEKTpOHHAS MUKpockomnus ([I19M);

- pacTpoBasi CKaHUpYolIas MeKTpoHHas MUkpockonus (COM).

Ilpoceeuusarouyan 31eKmMpoOHHAA MUKPOCKONUSA

OOBEKT MPOCBEUMBAECTCS ITYYKOM YCKOPEHHBIX JJIEKTPOHOB C
sHepruer 50—200 k3B B Bakyyme mopsiaka 10~°. DJIEKTPOHBI, OTKIIO-
HEHHbIE aTOMaMHu 00BbEKTa Ha MaJIble YIJIbI U MPOIIEIINE CKBO3b 00b-
€KT, TONaJaloT B CUCTEMY MArHUTHBIX JIMH3, KOTOPBIE HA DKPAaHE U Ha
dboTorieHke (POpMUPYIOT CBETOIOJBHOE H300paKeHHE BHYTPEHHEH
CTpyKTyphl. Jlocturaercs paspemenne B 0,1 HM, 4TO COOTBETCTBYET
yBemmuennio B 10° pas. [Iprumep n306paenns npuBeneH Ha puc. 19.
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Paszpenienue 3aBUCUT OT MPUPOJIBI OOBbEKTA U CIIOCO0a €ro MoAro-
TOBKH. OOBIYHO HCCEeAyIOT TieHKH Toamuuon 0,01 MKwm, 1S yBenu-
YEHHUS KOHTPACTHOCTU MPUMEHSIOT yIJIepoiHbIe peruinku. CoBpeMeH-
HBIC YJIBTPAMUKPOTOMBI TMO3BOJISIIOT JI€JIATh CPE3bl TOMMUHON 10—
100 aM. MeTaubl uccienyoT B Bujie TOHKON ¢onbru. C moMonibo
MPOCBEUUBAIOIIMX MHUKPOCKOIOB MOXXHO TOJIy4aTh AU(PAKIMOHHbBIC
KapTUHBI, Tarole HHHOPMALIMIO O KPUCTATUTMYHOCTH 00BEKTA.

B 11e710M, MOKHO OTMETUTH CJIEAYIOIINE BO3MOKHOCTH U OCOOCH-
HocTH [IOM:

- Bricokas paspeiiaronias ciocOOHOCTb.

- BO3M0XXHOCTh M3y4Y€HHUsI MPAKTUYECKU BCEX OCHOBHBIX HOCUTENEHN
CTPYKTYPHO UyBCTBUTEIBHBIX CBOMCTB BEIIECTRA.

- BO3MOXXHOCTh aTOMHOTO pa3perieHruss — HaOII0/ICHUSI aTOMOB,
KPUCTAJUTMYECKON PEIIeTKH, JTI0ObIX Ae(EKTOB KPUCTAIIMYECKON pe-
IIETKH.

- BO3M0OXXHOCTB 37E€KTPOHHOTO AUDPAKIIMOHHOTO aHAJIN3A.

- Beicokasi JOKanbHOCTH JJNEKTPOHHOW JU(pakiuu (MUKPOAU-
dbpakiun).

- MraoBeHHas BU3yaiauzaius JuQppakiiuOHHON KapTHUHBI.

- CoBMECTHBIN aHAIN3 U300pakeHUs U JU(PAKITUOHHBIX 3()PEKTOB.

- DnexkTpoHHas JUPpaKIKsS OT HAHOKPUCTATUNIMYECKUX 00BEKTOB.

- BO3M0OXXHOCTB JTOKaJIbHOTO AJIEMEHTHOTO aHaJIN3a.

- B HacTosiiee BpeMst BIUIOTH JI0 TOATOMHOTO 3JIEMEHTHOTO aHaJn3a.

- BosMoxHOCTE HCcienoBaHUA IMOBEIEHUS OOBEKTOB 1In  Situ
HETOCPEICTBEHHO B MPOIIeCCe MPOTEKAIOINX B HUX U3MEHEHMI:

NBH)KEHUE JTUCIIOKAIUA MPU TIacTUUeckon nedopmanuu; dha3zoBbie
MIpEBpAIlCHUs] TIPU HAarpeBe; 0O0pa3oBaHUE PaUAIIMOHHBIX Ie(PEKTOB
pu O0JIYYEHHH U T. 1.

Cranupywouwian 31eKmpoHHa:A MUKPOCKONUS

DTOT METOJ B OCHOBHOM NPHUMEHSIETCA ISl M3YYEHHS ITOBEPX-
HOCTHBIX YaCTHIl. DJICKTPOHHBIC JTYyYH C)KUMAIOTCA MAarHUTHBIMU JIMH-
3amu B TOHKHH (1—10 MM) 30H, KOTOPBIH MOCAEIOBATEIHHO OT TOYKH
K TOUKE MEepeMellaeTcs nmo o0beKTy, T. €. ckaHupyer ero. [Ipu B3au-
MOJICICTBUH 3JIEKTPOHOB C OOBEKTOM BO3HHKAET HECKOJBKO BHJOB
n3nyueHuu (puc. 20).

Jro00€ u3 NmepeyrCICHHBIX M3YYECHUH MOXKET PEeruCTpUpOBaTHCS
U IIpeoOpa3oBBIBATHCS B AJIEKTpUUECKHE cUrHaibl. [loryuyeHHbIE cHT-
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HajJbl YCWJIMBAIOTCSA M TMOJAIOTCS Ha JJICKTPOHHO-IYYEBYIO TPYOKY.
AHaJIOrM4Hasi CUTyalusi MMEET MECTO B KHHECKONE TEeJIEBU30pa.
Ha skpane ¢opmupyercst nzoopaxenue. OCHOBHOE JIOCTOMHCTBO Me-
TOJa — BBICOKAsi MHPOPMATUBHOCTH, & CYIIECTBEHHbIH HETOCTATOK —
OoJbIIas JUIMTEILHOCTh Mpoilecca. Bricokas pasperiaroiias crocoo-
HOCTh pEau3yeTcs JIMIIb NPU MaJbIX CKOPOCTAX pa3BepTKU. MeTon
OOBIYHO TIPUMEHSIETCS JIJIsl YacTUll pa3MepoM Oosbiie 5 HM. [TpobOaema
CBsA3aHa C OrpaHUYMBAIONIEH NPUMEHEHHE TOJIIMHON 00pasia.
st snextpoHoB ¢ sHeprueid 100 k3B ToammHa oOpasiia cocraBisier
ok0j10 50 HM. UTOOBI MpeaOTBPaTUTh pa3pyllieHue 00pa3IoB, UCIIOIb-
3YIOT CIIEHHUAIIbHBIE MPUEMBI UX NMpUTroTOBIeHUs. Kpome Toro, Bceraa
MPUXOJUTCS UMETh B BUYy BO3MOXKHOCTD JIy4eBOM HArpy3Kku Ha oOpas-
IbI, HAIPUMEP, MOXKET MPOUCXOIUTH arperaus 4acTHlIl MO/ JIy4OM.

Puc. 15. Tunwvt uznyuenuii, 6o3Huxarowue
npU 83aUMO0eUCMBUU INEKMPOHOE C 00bEKMOM

BaxHbIll 3Tan B pa3BUTUHU DJIEKTPOHHOU MHUKPOCKOIIMHU CBSA3aH C
pa3pabOTKOM METOJOB KOMIBIOTEPHONW OOpabOTKU U300paKeHUH,
NO3BOJISIIONICH IMOJTyYaTh TUCTOTPaMMbl MO (QopMe, OpHEHTAluu U
pazmepaM. MOKHO BBIJIEIATh ACTAIM CTPYKTYpPbI, MPOBOJUTH CTATH-
CTUYECKYI0 00pabOTKY, pacCUMTHIBATH JIOKAJIbHBIE MUKPOKOHIIEHTpA-
L1, ONIPEACIISITh TapaMeTPhl peleToK. BCTpoeHHbIE B TPUOOPHI MPO-
LECCOPHI JAI0T BO3MOXKHOCTh THOKO YIPaBIATh MUKPOCKOIIAMH.
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Puc. 16. Ycmpoiicmeo pacmpo6o2o 21eKmpoHH020 MUKPOCKONA

3onooeas mukpockonus. Enie oquH NpopblB B MUKPOCKOIIUU CBSI-
3aH C co3/aHueM ckaHupyrommx 30HA0B. B 1981 r. I'. buHHuHT 1"
I'. Popep co3nanv ckaHupyromuii TyHHeIbHbIN MuKpockon (CTM, ninu
STM), a B 1986 r. onu nonyuyrin HobeneBckyro nmpemuto. MUKpOCKOIT
MO3BOJISIET BECTH HCCIEAOBAHUE IMOBEPXHOCTU C HAHOMETPOBBIM U
CyOHaHOMETPOBBIM TMPOCTPAHCTBEHHBIM paspeiieHreM. OOmmm s
BCEX CKAaHUPYIOIIMUX 30HIOBBIX MUKPOCKOIOB SBJISIETCS CHOCOO MOJY-
YeHUs1 MHPOPMAIIMU O CBOMCTBAX UCCIEAYEMOU MOBEPXHOCTH.

Bce u3BecTHbie B HacTosiiee BpeMs MeToabl SPM MoXHO pas-
OuTh (BeChbMa YCIOBHO) Ha TpU OOJIBIINE TPYIIIHI.

CkaHupyomass TYHHeJIbHAsh MHUKPOCKONHSA: B HEU MEXIy
ANIEKTPOIIPOBOJISAIIUM OCTPUEM M OOpa3IoM MPUIIOKEHO HEOOJIBIIIOE
HanpspkeHue (~ 0.01-10 B) u peructpupyercsi TYHHEIbHBIN TOK B 3a-
30pe, 3aBUCSIINN OT CBOMCTB M KOH(UTYpall aTOMOB Ha HCCIIEye-
MOM TOBEPXHOCTH 00pa3siia.

ATOMHO-CHJIOBasi MUKPOCKOIIMS: B HEW PETUCTPUPYIOT Bapra-
MU CUJIbl B3aUMOJICUCTBUSI KOHYHMKA WUTJIBI C UCCIEIYyEeMOU MOBEPX-
HOCTBIO OT TOUKH K Touke. Mria pacmonokeHa Ha KOHIIE KOHCOJIbHOU
0ajouku (KaHTUJIEBEpPA) C M3BECTHOM KECTKOCThIO, CIIOCOOHOM H3IHU-
0aThcs MOJ ACHCTBUEM HEOOIBIINX BaH-/I€P-BaalbCOBBIX CHUJ, BO3HHU-
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KAlOUUX MEXKAY UCCIEAYEMOM MOBEPXHOCTHIO U BEPIIMHOW OCTPUSL.
Jledopmalinio KaHTUIIEBEPA PETUCTPUPYIOT MO OTKIOHEHUIO Ja3epHO-
IO JIyya, MaJAaroIero Ha €ro ThUIbHYIO MOBEPXHOCTh, WM C IIOMOIIBIO
bE30PE3UCTUBHOrO 3(hPeKTa, BOZHUKAIOIIETO B CAMOM KaHTHUJIEBEPE
pu u3ruoe.

banxHenoJbHAs ONTHYECKAS MHMKPOCKONHUS. 30HJIOM B 3TOM
cllydae SIBJISIETCS ONTUYECKUI BOJTHOBOJ, (CBETOBOJIOKHO), CYyXalOLIEHCs
Ha TOM KOHIIE, KOTOpBIM OOpallieH K o0pasily, A0 JUamMeTpa MEHBIIE
JUTMHBI BOJIHBI CBETA. B 3THX yCIIOBHSIX CBETOBasi BOJIHA HE BBIXOJIUT U3
BOJIHOBOJIa Ha OOJBIIOE PAaCCTOSHUE, A JIUIIb CIErKa «BHIBAJIMBACTCS
U3 €ro KOHuMKa. Ha Ipyrom KOHIE BOJHOBOJA YCTAaHOBIICHBI JIA3EP H
(OTONPUEMHHK OTPAKEHHOTO OT CBOOOHOIO TOPIia CBETA.

Bce ckanupyromnme 30HIOBbIE MHUKPOCKOIBI XapaKTEPU3YIOTCS
HAJMYMEM HEKOTOPOTO BHLIOPAHHOTO THIIA B3aUMOJCHCTBUS MEXKITY
30HJIOM U 00pa3oM, KOTOPOE HCIIOIb3YETCS CUCTEMOI 00paTHOM CBSI-
31 sl (UKCAIlMU PACCTOSHUSL 30HA-00paszell MpU CKAaHUPOBAHUH.
Jlst oGecrieueHnsi BBICOKOW pazperiaronieid crocoOHOCTH mpudopa
WHTEHCUBHOCThH JAHHOTO B3aWMOJICHMCTBUS JIOJKHA 3aBUCETh OT pac-
cTosiHusl d. JInsg s TYHHEJNBHOTO MHUKPOCKOTA — JKCIOHEHIIUAIb-
HBII pOCT BEJIMYMHBI TYHHEJIBHOTO TOKA C YMEHBIIIEHUEM TYHHEIIbHO-
ro 3a30pa, YTO MO3BOJSET JOCTUTaTh C TMOMOILIBIO 3THUX MPUOOPOB
cyOHaHoMeTpoBoro paspeuieHus (puc. 17). OrpannueHuem AJis JaH-
HOT'O METO/1a SIBIIIETCS 3JIEKTPOIPOBOIHOCTH 00pasIa.

AT

SN

Puc. 17. Ilpunyun pabomeol
CKAHUPYIOWe20 MyHHeIbH020 MUKPOCKONA
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Jpyror pacnpoCTpaHEHHBIM THUII 30HAOBOW MHUKPOCKONUUA —
atomHo-cuiioBast (ACM). B3anmopeiicTBue Mexmay 30HIOM M 00pas-
IIOM OCYIIIECTBIISIETCSl 32 CUET CHJIbI OTTAJIKUBAHUS KPAlHUX aTOMOB
30H7Ja 1 00pasIa.

OcHOBHas J1eTanb TAKUX MUKPOCKOIIOB — 30H/I, KOTOPBIN MPUBO-
JTUTCSI B MEXaHUYECKUI WU TYHHEJIbHBIM KOHTAKT C MOBEPXHOCTHIO.
[Ipu 3TOM MEXay 30HJIOM M 00pa3lioM yCTaHaBIMBAeTCs OajlaHC B3a-
UMOJCHCTBUM. DTOT OalaHC MO’KET BKJIIOYATh CHJIBI MPUTSKCHUS U
OTTAJIKUBAHUS (DJICKTPUUECKUE, MArHUTHBIE, BaH-JEP-BaajbCOBbI),
poIecchl OOMEHa TYHHEIUPYIOIUMU 3JiekTpoHaMu. [lociie ycTaHoB-
JieHus 0anaHca HAYMHAETCSl CKAHUPOBAHKE. 30H]T IBUKETCSI CTPOKA 3a
CTPOKOM HaJl ONpPEJICICHHBIM Y4aCTKOM MOBEPXHOCTH 3aJaHHOMU ILJIO-
a1, KOTOpasi ONPEAENSIETCS YHUCJIOM CTPOK-CKaHOB, MX JJIMHOW U
PaCCTOSITHUEM MEXKTY CTPOKAMH.

[Ipu ckaHMpOBaHUM CHUCTEMa OOPATHOM CBSI3U MEPEMENIAET 30H]]
B HampaBJjeHUM Z, MOJAJICp>KUBasi HAa 3aJJ]aHHOM YPOBHE CUTHAaJ, COOT-
BETCTBYIOIIUN aMIUIUTYJe pabouero Tuma B3auMojencTBus. Bo Bcex
TUX MHUKPOCKOTNAX aHaJIM3 COOTBETCTBYIOIIETO B3aMMOACHCTBUS
OCYILIECTBIISCTCS MPU MOJIEPKAHUM MOCTOSHHBIM 3a30pa MEXIY 30H-
IOM U 00pa3loM IO CXEMaM PEXUMa KOHTAKTa WM HPEPBIBUCTOTO
KOHTAaKTa.

Jlnsa atomHo-cunoBoro Mukpockorna (ACM) B pexnMe KOHTaKTa
JUTsl (PUKCAIMKM M TIOJIJIEP’KAHKS HAa 3aJJaHHOM YPOBHE BEJIMYUHBI CHUIIO-
BOT'O B3aUMOJICHCTBUS MCIOJIb3YETCSI CXeMa, pUBEACHHAs Ha puc. 24.
30H]1 yCTaHABJIMBAETCSI HA CBOOOJHOM, HE3aKPEIJIECHHOM KOHIIE THOKOIM
KOHCOJIM — KaHTwieBepa. [Ipu cONMkeHnn U KOHTAKTE 30HAa ¢ 00pas-
IIOM CHUJIOBO€ B3aMMOJICUCTBUE MTPUBOAUT K U3rHOYy KaHTUJIEBEpa, BEJIH-
YiHa M3ruda (PUKCUpyeTcsl MPEU3UOHHBIM JaTuyukoM. M3rub ompene-
JISIET KOHTAKTHYIO CHIIY, @ MOJJIEPKAHWE €ro BEJIUYHMHBI HA 3aJJaHHOM
YPOBHE B MPOIIECCEe CKAaHUPOBAHUSI TO3BOJISIET IIPOIMMCATHY MPOQHUIIH
noBepxHocTH. Ha nucruiee atombl H300pakaroTcs Mmoaychepamu.

B 6osbmHcTBE ACM HCHONB3YIOT ONTHYECKHE JaT4uku. Jlyd
Jazepa MajaeT IMoJl YIJIOM Ha MOBEPXHOCTh JIEBEpPAa M OTPAKAETCA B
LEHTp YeThIpexceKImoHHoro goroaunonaa. [Ipu n3rude nesepa BO3HU-
KAaeT pa3HUIA MEXKYy CUTHAJIAMU COOTBETCTBYIOIIMX Y4acTKOB (PoTO-
nrona. Pa3HOCTHBIM CUTHAJ MPABOTO U JIEBOTO CETMEHTOB, OTPaXaro-
IIUHA CUJIBI TPEHUSI MPU CKAHUPOBAHHM, BBOJUTCS B KOMIIBIOTEpP U
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dbuUKCUpyeTCS Ha MOHUTOPE. Pa3HOCTHBIN CUTHAJI BEPXHETO U HIDKHE-
r0 CETMEHTOB IPOXOJUT YEpPE3 MPOIMOPLUOHAIBHBIE U UHTETPAJIbHBIC
3BEHbsI 00pATHOM CBSI3M, CPABHUBAETCS C OIMOPHBIM, UX PA3HOCTh YCH-
JINBACTCS U MOJACTCS HA Z-3JIEKTPOJ Mbe30MaHuIyasiTopa. B pe3yib-
Tate oOpasell CMEIaeTcs B BEpTUKAIBLHOM HampaBieHuu. Curaani, 1mo-
CTyIasl B KOMIIBIOTEP U MOHHUTOP, AaeT UHGOPMAIIUIO O TTOBEPXHOCTHU
(puc. 18).

Puc. 18. Yempoiicmeo 301006020 mukpockona

B ACM B03MOXEH U PEKHUM NPEPBIBUCTOTO KOHTAKTA. [Ipn sTOM
UCIIOJIB3YIOT JIOMOJHUTENBHBIN MbE30MAHUITYIISITOP, BO30YKIAIOUINNA
BBIHYKJICHHBIE KOoJieOaHus KaHTeneBepa. Cuiibl B3aUMOJIEHCTBUS 30H-
na v oOpasia, ux (puznueckas Npupoja W XapakTep CioxkHbl. OHU
ONPEEIISIIOTCS OBEPXHOCTHBIMU M TE€OMETPUYECKMMH CBOMCTBAMU
MaTepuajoB 30H/a U 00pa3la, CBOMCTBAMU Cpebl, B KOTOPOU BeAETCS
uccienoBanue. Hanpumep, npu paboTe ¢ MOIUINAPAKCUINICHOBBIMU
IJICHKAMU 30H] BSI3HET B HUX. [[aBJIEHHS 30HIA BEIWUKH, JOCTUTAKOT
nopsiaka 109 [Ta u Moryt mpeBbIIIaTh MPEAENbl MPOYHOCTH MHOTHX
MartepuaiaoB. s MOI0KeK OOBIYHO HCIOJIB3YIOT CIIOAY U Tpadur.
DT MaTepuabl JIETKO CJIOSTCS W HMMEKOT TJIaJIKUe€ MOBEPXHOCTH.
ACM no3BOJISIFOT BECTH HEpAa3pyILIAIOIINE UCCIEIOBaHUS. DTO CBA3a-
HO C TE€M, YTO JIOKAJIBHOE JABJICHUE PACIIPENEIISIETCS IO TPEM HaIlpaB-
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JICHHSIM, a BpeMsl BO3IEHCTBUS Mano — mopsaka 107 c. OxHako wc-
CJIEIOBATENIN CTPEMATCS YMEHBIIUTH BETUYMHBI CUJI B3aUMOICHCTBHUS
30H]1-00pa3el], 4To SIBJISICTCS aKTyalbHOW mpoOsemoit. Ha puc. 19
PUBEICHB M300pakeHWsT HAaHOOOBEKTOB, IMOJYYEHHBIE C TIOMOIIBIO
30HA0BOM MUKPOCKOIIHH.

a) 0)

Puc. 19: a) CTM uzobpasicenue 00HOCMeHHOU YenepOOHOU
Hanompyoku, 6) CTM uzobpasicenue 48 amomos Fena nosepxnocmu
meou Cu, 8) ACM uzobpascenue /[HK na carooe,

2) ACM uzobpasicenue omoenbHol MoeKVbl (015 Y8eIuydeHUs pas-
pewernue ACM na xonuuke 3onoa pasmecmuiu 00Hy moaexynry CO)
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Pe3ynbTaThl, MojydyaeMmble TpPU HCMOJb30BAHUU CKAHUPYIOIICH
30HAO0BOM MUKPOCKOIIUU:

- penbed MOBEPXHOCTH;

- KapTHHA paclpeiesiCHUs JaTepalibHbIX CUJI;

- KapTUHAa pacnpenesneHus c6os asbl KoaeOaHu;

- KapTHHA pacupeieieHUs MOBEPXHOCTHOTO MOTECHIMANA;

- KapTHHA pacupeieieHus eMKOCTHOTO KOHTPAcCTa;

- KapTUHA pacupeiesIeHUs MPOBOIUMOCTH MTOBEPXHOCTH;

- KapTUHA paclpeiesiCHUs MUKPOTBEPIOCTH MOBEPXHOCTH;

- KapTUHA pacpeIesICHUs] MAarHUTHBIX CBOMCTB TTOBEPXHOCTH;

- OIpPEJICICHUE TOJIIIHUHBI JKUAKOTO aJCOPOLIMOHHOTO CIIOS;

- OMpeJIeSICHUE BOJIbT-aMIIEPHON XapaKTEPUCTUKH.

30H0Basi MUKPOCKOTIHS MO3BOJISIET HE TOJBKO HAOII0/1aTh HAHO-
00BEKTHI, HO ¥ BO3/ICHCTBOBATh Ha HUX (puc. 20).

a) 0)

Puc. 20: a) pacmsicenue 00uHOUHBIX NOTUMEPHBIX MONEK)IL;
0) yacmuuHoe N10KAIbHOEe AHOOHOEe OKUCIeHUe 2paghuma
(pazmep kapmunku I mMm)

Jugpakyuonnvie memoosvt. OHU BKIIOYAIOT TUPPAKIUIO PEHT-
I€HOBCKUX JIy4€ld U HEUTPOHOB U 110 CPABHEHHUIO C DIIEKTPOHHOU MUK-
POCKOIIHMEHN SIBISIOTCA MEHee oOmuMu. B To ke BpeMsl aHalu3 Ju-
(GbpakMOHHBIX pedeKCOB, 00YCIOBICHHBIX CTPYKTYPOH aTOMOB OJIH-
HOYHBIX YaCTHII, TPUTOJICH ISl OYEHb MaJIbIX YAaCTHII.

Penmeenocpagusa. BzanmoaencTBiue peHTI€HOBCKUX JTyUel C KpH-
CTaJUIaMHM, YaCTULAMHM METAJUIOB, MOJIEKyJaMH BEIEeT K HX pac-
cenBaHuio. M3 HauansHOro Mmydka aydeil ¢ ainunoit Bomssl X ~ 0,5-5 A
BO3HUKAIOT BTOPUYHBIE JIYyUH C TOW K€ JUIMHOW BOJHBI, HAIIPABJIECHUE U
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WHTEHCUBHOCTh KOTOPBIX CBS3aHBI CO CTPOCHHEM PpaCCEHBAOIIETO
oowekTa (puc. 21). UHTeHCHBHOCTD qu(parupoBaHHOIO Jy4ya 3aBUCUT
TaKkKe OT pa3MepoB U GopMbl 00bekTa. [ToMMKpUCTAIITHYECKHE YaCTH-
116l TIPUBOIST K BOSHUKHOBEHUIO KOHYCOB BTOPHUYHBIX JIYUEH, KaXKIbIH
KOHYC COOTBETCTBYET OIPEACIICHHOMY CEMEHCTBY KPHUCTALIHYECKUX
TIOCKOCTeH. Eciin KpuCTauIMKU Mayibl 1 UX MHOTO, TO KOHYC OyIeT
CIUTOIITHBIM, YTO U AT HEPABHOMEPHO 3a4€PHEHHOE KOJIBIIO.

el'la.El.eaf%U-lgeoe OundparvpoBaHHoe
PEHTIEHOBCK PEHTIreHOBCKoe
n3ny4eHue n3nyyeHve

Puc. 21. Bzaumooeticmsue penmeeHo8CKUX J1y4ell
C KpUCmaniamu

Jlugpparyus neiimpornos. HeWTpoH — yactuua, Moaxojsias mno
CBOMM CBOMCTBaM [Jis aHaJIM3a Pa3JUYHBIX MaTepuasioB. SnepHbie
pEaKTOphl JIalOT TEIUIOBBIE HEHUTPOHBI C MAaKCUMaJIbHOW SHEpPrUei
0,06 5B, KOTOpOii COOTBETCTBYET BOJHA ¢ bpoiinst ¢ X ~ 1 A, cous-
MepuMasi C BEJIMYMHAMHU MEKAaTOMHBIX paccTosHui. Ha 3Tom u ocHo-
BaH METOJ CTPYKTypHOU HelTpoHorpadguu. COu3ZMepruMOCTb SHEPTUU
TEIUIOBBIX HEUTPOHOB C TEIUIOBBIMU KOJICOAHUSIMU aTOMOB M TPYIII
MOJIEKYJT MCIOJB3YIOT JJiA aHajlnu3a B HEUTPOHHON CHEKTPOCKOIHUU,
a HaJUYue MArHUTHOTO MOMEHTa SIBJISETCS OCHOBOW MArHUTHOMN
HEeUTpoHOTrpaduu.

Pacwupennas aocopoyus penmeenogckux nyuei. MeToa OCHOBaH

Ha U3MEPEHUHU 0K0JI0a0CcOpOIMOHHOTO Kpas. [Ipu 3ToM Habm01aemMbIe

KoJieOaHus, Kak (QyHKIuUs SHEpPruu (OTOHA, SBISIOTCS PE3YyJIbTATOM
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uHTEep(hEpPEHIIMN TIEPBUYHBIX BOJIH CO BTOPUYHBIMU, PACCEUBAECMbBIMU
COCETHMUMHU aTOMaMU. AHAJIU3 TIOJI0OHBIX KOJIEOAHHM TTO3BOJISIET HAUTH
pacCTOSIHUE MEXIY COCEIHUMHU aTOMAMHU U U3Y4YaTh OTKJIOHEHHS «CO-
CeZIei» B MTOBEPXHOCTHOM CJIO€ YACTHIIBI 10 CPABHEHUIO CO 3HAUYCHUS-
MU PEIIEeTKH KOMITAKTHOrO MeTaiia. Omnpeaenenne mogoOHbIX OTKIIO-
HEHUI BAKHO JIJI1 IOHUMAHUSI ONTUYECKUX CBOVMCTB YaCTHI] METALIA.

Peumeenoghnioopecyenmnasn cnekmpockonus. Meroq OCHOBaH Ha
BO30YXJICHUU aTOMOB MCCJIEIYEMOIr0 BEIIECTBA H3JIYYECHHUEM Mallo-
MOIITHOM PEHTreHOBCKOM TpyOku. IIpu 3TOM BO3HUKAET BTOPUUYHOE
(bar00pecIieHTHOE M3IyYeHHEe, KOTOPOE IMOMajaeT Ha JAUCIEPrupylo-
MK KPUCTAJII-aHAIU3ATOP U, OTPA3UBIIMCH OT HETO, PETUCTPUPYETCS
nerekTopoM. IIpu 3ToM Kax10My (PUKCUPOBAHHOMY TOJIOKEHUIO CO-
OTBETCTBYET OIPENCICHHAS [JIMHA BOJHBI BTOPUYHOI'O H3ITyYECHHS,
n30upaemMas aHaIU3aTOPOM. DJIEMEHTHBIM COCTaB OOpa3lia XapakTe-
pU3YETCS CIIEKTPAIBHBIMU JIMHUSIMHU, & UX UHTEHCUBHOCTh OJIHO3HAY-
HO CBSI3aHA C KOJHWYECTBEHHBIM COJIEPKAHHEM MPHUCYTCTBYIOIIUX B
oOpasiie annemeHToB. KoHIIeHTpanus 00bIYHO PACCUUTHIBACTCS MYTEM
CpaBHEHUS C pe3yJibTaTaMU aHaJIN3a CTaHJAPTHBIX 00pa3IloB.

PenTreHo¢mroopecieHTHBI METO/1 MO3BOJISIET OBICTPO U C BBICO-
KOM TOYHOCTHI) AHAIM3UPOBATH NMPAKTUYECKU BCE IJIEMEHTHI MEPUO-
JTUYECKON CUCTEMBbI B TBEPABIX, KUIKHUX, MOPOIIKOOOPA3HBIX U TLIE-
HOYHBIX 00pasiax ¢ BHICOKOW YyBCTBUTEIHHOCTHIO.

Macc-cnekmpomempus. MeTon HCTIONB3YET pa3ieIcCHUEe HOHU3U-
POBaHHBIX YACTHI[ MO0 MX MaccaM Ha OCHOBE B3aMMOJICHCTBUSA Mar-
HUTHBIX U DJICKTPUUECKUX MoJier. B quHamudeckux mpubdopax aHaliu-
3UPYIOT Pa3HbIE BPEMEHA MPOJIETA HOHAMHU OIPEIEIIEHHOIO PacCcTOs-
HUs. B KBalpynoJibHOM MaccC-CIIEKTPOMETPE Pa3aeICHUE HOHOB OCY-
HIECTBJISIETCSA B MOMEPEYHOM DJIEKTPUUECKOM I10JIE, KOTOPOE CO3AcT-
CAd KBaAPYMNOJIBHBIM KOHJIEHCATOPOM, COCTOSIINAM W3 4 CTEp)KHEW,
pPACMOJIO)KEHHBIX CUMMETPUYHO OTHOCHUTEIBHO IIEHTPAJIbHOM OCH.
Bo BpeMSANpoaeTHOM MacC-CIIEKTPOMETPE HOHBI BBOIATCS B BHUJIEC
MOHHOTO TaKeTa 4Yepe3 CETKY B aHAIM3aTOp U «JAperdyroT» BIOIb
aHAJIN3aTOpa K KOJJIEKTOPY TakK, YTO TSKEJIbIE HOHBI OTCTAIOT OT JIeT-
kux. et paccioenue nakera, oOyCIOBICHHOE TEM, YTO B UCXOJHOM
MAKETE SHEPTHsl BCEX MOHOB OJIMHAKOBA, & UX CKOPOCTH W, CIENOBA-
TEJIbHO, BPEMEHA MpoJieTa/aHaau3aTopa 0OpaTHO MPOMOPLHMOHAIBLHBI
KBaJIpATHOMY KOPHIO U3 MacCCBhL.
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Domosnekmponnas cnekmpockonus. MeToJ OCHOBaH Ha H3Me-
PEHHUH DHEPTUU CHEKTPOB AJIEKTPOHOB, BBUICTAIOMIMX IPHU (POTOIJIEK-
TPOHHOM 3MHUCCHHU. AHAIM3UPYETCS HCMYCKaHUE JJIEKTPOHOB TBEP-
IBIMH TedaMH 1of AciictBueM (oToHOB. Ilo crnekTpy ompeneisiorT
SHEPTUU CBS3U DJICKTPOHOB W HMX YPOBHU BHEPTUU B HCCIECAYEMOM
BeliecTBE. MeTo/l TakKe MO3BOJISIET HCCIEA0BATh PaCIpeIeICHUE
AJIEKTPOHOB B 30HE MPOBOJIMMOCTH, aHAIM3UPOBATh COCTAB BEILIECTBA,
TUI XUMHYCSCKOU CBS3H.

B nanHoM pasznene pacCMOTpPEHBI HE BCE METOJbI, KOTOPHIC HC-
MOJIB3YIOTCSl B aHAJIM3€ HAHOYACTHI[ Pa3HBIX 3JIEMEHTOB, IOCKOJIBKY
OHHM TIPEJICTaBJICHBI B Kypcax, IMOCBSIMICHHBIX (PHU3UKO-XHMUYCCKUM
METO/IaM aHaJIu3a MOJIEKYJISIPHBIX U HAAMOJEKYJISIPHBIX CTPYKTYP.

4. MeTtoabl Nosny4yeHUa U ctabmnmsaumm HaHo4YacTuL,

OcoOEHHOCTBIO HAHOYACTHUI] SIBJIICTCS TO, YTO YACTHUIIbI METAJLIOB
pazMepoM MeHee 10 HM SIBISIFOTCS CUCTEMaMM, OOJaJaroIIMMK HU30bI-
TOYHOM DHEPrU€d U BBICOKOM XMMHYECKOW AKTUBHOCTBIO. 3amaceHHas
SHEPTrUs TaKUX OOBEKTOB OIPEACIIACTCS B TIEPBYIO OYE€pPEIb HECKOMIICH-
CUPOBAHHOCTBHIO CBA3EH MTOBEPXHOCTHBIX U MPUIIOBEPXHOCTHBIX ATOMOB.

Kak mpaBwmito, BbICOKass aKTUBHOCTh HAHOYACTHI] METAIJIOB IPH-
BOJIUT K TOMY, UYTO UX CYIIECTBOBaHHE B CBOOOJHOM BHjE, O€3 B3au-
MOJICMCTBUS C OKPYKAILIEH Cpeaod BO3MOXKHO TOJIBKO B BAaKyyMe.
[TosToMy momy4aeMble CTPYKTYpbl HEOOXOJIUMO CTAOMIIU3UPOBATH 32
CYET B3aMMO/ICVCTBUS MOBEPXHOCTHBIX aTOMOB C Pa3JIMYHBIMU MOJIE-
KYJISIPHBIMH OOBEKTaAMH.

[IpyHIMNIMATBHO BCE METOAbBI CMHTE3a HAHOYACTHUI[ MOKHO pa3-
JeUTh Ha JiBe Oojblve Tpymmnbl. [lepBas rpymnmna oObeANHSET CIIOCO-
ObI, MTO3BOJISIIONINE MOJIYYaTh U U3y4aTh HAHOYACTHUIIBI, HO HA OCHOBE
3TUX METOJIOB TPYAHO CO37aBaTh HOBbIE Marepuaiibl. Croa MOXKHO
OTHECTH KOHIEHCAIIUIO MPU CBEPXHU3KUX TEMIIEpaTypax, HEKOTOPhIE
BAPUAHTHl XUMUUYECKOT0, (POTOXUMUYECKOTO U PagUallMOHHOTO BOC-
CTaHOBJICHHUS, JJA3€pHOE HCIapeHue. Bropasd rpymnna BKIHOYAET METO-
JIbI, TIO3BOJISIIONIME HA OCHOBE HAHOYACTHI] I10JIy4aTh HAHOMATEPHUAJIbI
Y HAHOKOMIIO3UTBI. JTO B MIEPBYIO OUEPEb PA3JIUYHbIC BAPHUAHTHI ME-
XaHOXUMHUYECKOTO JIpOOJICHUSs, KOHJIEHCallus U3 Ta30Bou (a3bl, miaz-
MOXHUMHUYECKHNE METOJIbI U HEKOTOPHIE JIPYTHE.
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XumMuyeckoe BOCCTAHOBJIeHUE. B KauecTBe COCAUHEHUN METaJl-
JIOB OOBIYHO HCTOJNB3YIOT UX COJIM, B KQ4€CTBE BOCCTAHOBUTEICH —
ATIOMOTUJIPUIBI, OOpoTUApUIbl, TUIOhOoCcHUTHI, PopManbAETUA, COTU
I[aBEJICBOM M BUHHOM KHUCJIOT. Kak mpuMep MOXKHO MPUBECTH TONY-
YEHUE YacCTHI] 30J10Ta. ['0TOBATCS TpU pacTBOpa: a) 30JI0TOXJIOPUCTO-
BOJIOPOJIHOM KUCJIOTHI B BojIe; 0) kapOOHaTa HATpPHUs B BOJIC; B) TUIIO-
dbochura B 1udTHIOBOM ddupe. 3aTeM CMECh TPEX pPacTBOPOB Harpe-
BaeTCsl B TeueHue yaca 1o temmeparypsl 70° C. B pesynbrare momny-
YalOTCA YaCTUIBI 30JI0Ta AuaMeTpoM 2—5 HM. OCHOBHBIM HEJOCTAT-
KOM METOJa SIBJISIETCS OO0JIBIIIOE KOJIUYECTBO MPUMECEH B IMOJydyaeMoun
KOJUIOMAHOM CUCTEME HAHOYACTHIl 30JI0Ta, YMEHBIIUTh KOTOPOE IMO-
3BOJISIET UCIIOJB30BAHKUE B KAUECTBE BOCCTAHOBUTENSI BOJIOPO/A.

Hanbonee yacto aJjisi BOCCTAaHOBJEHUSI MOHOB METaJJIa MCIOJb-
3yIOT TeTparuapoOopaTsl menodHsix MetamioB (MBH,), kotopsie
OCYULIECTBIISIFOT BOCCTAHOBJIEHUE B KUCJIOW, HEUTPAIIbHOU U LIEIIOYHON
BOJIHOM cpeae. TerparumpoOopaTtaMu IIEIOYHBIX METAJIOB BOCCTa-
HAaBJIMBAETCSl OOJBIIMHCTBO KAaTHOHOB IMEPEXOIHBIX U TIKEIBIX Me-
TaJIJIOB. DTO CBI3aHO C BBICOKMM peaoKc-noTeHuaaioM MBH, (B mie-
JouHoM cpene 31o 1,24 B), B TO BpeMmsi Kak CTaHAApTHBIE PEIOKC-
MOTEHIIMAIbl MHOTUX MOHOB METAJIOB JieXkaT B uHrepnaie -0,5 B < -
E< -1,0 B. YcTtaHoBieHO, UTO BOCCTAHOBJICHUE MOHOB METAJIJIOB MPO-
UCXOJUT C y4aCTUEM KOMILUIEKCOB C MOCTUKOBBIMU CBsi3siMU M...H...B,
00pa3oBaHUE KOTOPBIX CIOCOOCTBYET MOCIEAYIOIIEMY MEPEHOCY aTo-
Ma BOJOpPOJIa M Pa3pblBY MOCTHUKOBOW CBSI3H, OKHCIUTEIHLHO-BOC-
CTAHOBHUTEJILHOMY MpoIliecCy U pa3pbiBy cBs3u B-H ¢ oOpazoBanuem
BHj;. [Tony4yeHHbIl O0paH TUIPOIU3YETCS WM KaTAIUTHYECKH pasiia-
raeTcs Ha MOBEPXHOCTH YaCTHUIl METAJIJIOB.

B nocnenHee Bpemsi MIMPOKOE pACIPOCTPAHEHUE MOJYUUIU TIPO-
1ECChl, B KOTOPBIX BOCCTAHOBUTEIb OJIHOBPEMEHHO BBIMNOJHSIET U
bynkuun crabunuzatopa. K mogoOHBIM COEAMHEHUSM OTHOCSITCA
MHorue N-S-coaepxaliyue NOBEPXHOCTHO-aKTUBHBIC BEIIECTBA, THO-
JIbl, COJIA HUTPATOB U MOJIUMEPHI C (DYHKIIMOHAIBHBIMU TPYTIIaMHU.

Yactuirel cepedpa pazMepoM OT 2 10 7 HM TOTYUYEHBI DJIEKTPOXHU-
MHUYECKUM PACTBOPEHHUEM METAJIMUECKOTo aHoja (IIacThuHa cepedpa)
B allpOTOHHOM PacTBOPE TETPaOyTHIaMMOHUHOPOMUIA B allETOHUTPHU-
je. YCTaHOBJICHO, YTO Ha 3TOT MPOIIECC BIUSIOT TaKUE XapaKTEPUCTH-
KM, KaK IUIOTHOCTh TOKa U MpUpoJAa Karoda. Tak, mpu BBICOKUX ILJIOT-
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HOCTSIX TOKa B HEPAaBHOBECHBIX YCIOBUSAX MOTYT OOpa30BBIBATHCS Ya-
CTHIIbI HEMPaBWIbHOU (PopMbl. [Ipu M3MEeHEHUH TJIOTHOCTH TOKa OT -
1,35 no -6,90 MAecm-2 nmameTrp yactuir MeHsercs or 6+0,7 mo
1,7+0,4 um. ITpu BOCCTaHOBJIIEHMH HWOHOB cepelpa, CTaOMIM3UPOBAH-
HBIX TETPa0yTHUJIaMMOHUUOPOMHIOM, POUCXOIUT 00pa3oBaHUE HAHO-
JAaCTHII METAJIJIa U UX OCAKICHHE HA KaToJlaX, B KAYeCTBE KOTOPHIX UC-
M0JIb30BAJIM TUTATHHY W amtoMuHUE. [Ipu HCToap30BaHNM TIIIATHHOBBIX
KaToA0B 00pa3yroTcs cepuueckre HaHOYACTHIIBI cepedpa. Ha karoze
13 ATFOMUHUS (OPMHUPYIOTCS U OCAXKJAOTCS TOJIBKO IUICHKH (puc. 22).

Puc. 22. 1 — obpazosanue wacmuy cepeopa;
2 — popmuposaHrue nieHKu

JIJ'ISI IMOJTYYCHHA HAHOYACTHUL MCTAJIJIOB U HX COC)II/IHGHI/Iﬁ HucC-
IMOJB3YKOT MHUICIIIbBI, OMYJIbCUHU U JCHAPUMCPBI, KOTOPBIC MOKHO pac-
CMATpHUBATb KaAK CBO€O6paSHbI€ HAHOPCAKTOPLbI, ITO3BOJIAIONINC CUHTC-
SUPOBATH YaCTHUILIBI OIIPCACIICHHBLIX PA3MCEPOB.
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Munesibl — YaCTUIIBI
B KOJUIOMJHBIX CHCTEMax,
COCTOAT M3 HEPaACTBOPHUMO-
ro B JIaHHOM Cpeae sapa
OYEeHh MAaJIOTO pa3Mepa,
OKPY>KEHHOT'O0  CTaOWUJIU3HU-
pyromieii  000JI0UKON  aj-
COpOMPOBAaHHBIX HMOHOB M
MOJIEKYJT PAaCTBOPHUTEJIS.

Puc. 23. Muyenna

JleHapumepbl — JpeBooOpa3HbIe MOAUMEpPHI (rped. dendron —
J€PEBO), MOJIEKYJIBI KOTOPHIX HMEIOT OOJIBIIIOE YHCIIO PA3BETBICHUIA.

Puc. 24. Jlenopumep

HanodacTuIlbl KpHUCTAJIMUYECKOTO BHUCMYyTa pa3sMepoOM MeEHee
10 HM OBUTM TOJTyYEHBI BOCCTAHOBIICHMEM PACTBOPEHHBIX B BOJE CO-
Jel BUCMYTa BHYTPU OOpAIEHHBIX MHIIEIIJT HA OCHOBE JUH300KTHII-
cynb(docykuuHara HaTpus (npuHsatoe ooozHaueHne AOT). CmemmBa-
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HUE pacTBOPEHHOTO B M300KTaHe AOT ¢ onpeaeneHHbIM KOJIMYECTBOM
BogHOTO pactBopa BiOClO, mpuBoamiIo kK 00pa3oBaHUIO OOpaIeHHbIX
mulies1. Munemsipasii pactBop NaBH, rotoBuim aHajaoruuyHeiM 00-
pazom 1pu TakoM ke cooTHomeHun w= [H,O]:[AOT]. O6a pactBopa
cMemuBain B atmocdepe aprona. [locie mepeMernvBanus U BbIIEP-
KUBAHUSI TaKOM CMECH B T€UEHHE HECKOJHKMX YacOB MPU KOMHATHOM
TEMIIEPATYpPE OCAKAAIUCH YacTUllbl BUCMYTa. KUKyt ¢aszy yaaisuim
B BaKyyM€, a CyXOM OCTaTOK JUCIEPrupoBaiu B Toiyose. [lomyden-
HBIM ONMHMCAHHBIM METOJIOM PACTBOP TEMHOTO I[BETA COAEPKal, IO JaH-
HBIM METOJIOB MOPOIIKOBOM peHTreHorpaduu M 3JIEKTPOHHON MHKpPO-
CKOIIMM, YaCTULIBI BUCMYTa pazMmepom 3,2+0,35 um. Ecnu 1t 3amursl
OT OKHUCJICHHSI KPUCTAJUIMYECKUX YaCTHUI] BUCMYTa HCIOJb30BAIH IO-
JUMEPBHI, TO pa3Mep YacTUll yBeauuuBaics 10 20 HM.

OpuruHaieH MeTO]l UCIIOJIb30BaHUs MOJIUITUIIEHA BEICOKOTO JIaB-
JICHUSI JIJIs1 CTaOMIIM3allu HAaHOYACTHUIl MeTAJIOB. [lonuaTuien umeet
MyCTOThI, B KOTOPBIX MOTYT CTAaOWJIM3UPOBATHLCS HAHOYACTHUIILI. Y Be-
JUYEHUE JTIOCTYMHOCTU MYCTOT JOCTUTaJIOCh TUCHEPTHUPOBAHUEM IO-
JYMMEpa B HaArpeTOM YIJIEBOJOPOJIHOM Maciie. MoeKylbl Macia mpo-
HUKAIOT BIUIYOb MOJUMEPHBIX TJIOOYN U JeNaloT uxX 0ojiee NOCTYIHBI-
MU JJIs1 METAJUICOACPKAIIMNX COSTMHEHUH, IPU TEPMOJIECTPYKIUH KO-
TOPBIX U 00Pa3yHOTCS HAHOYACTHUIBI METAUIOB. MeTOo1 MO3BOJISIET TO-
Jy4aTh MOPOIIKOOOPa3HbIE METAIICOICPIKAIINUE TTOJTUMEPHI.

K paccmarpuBaeMbIM METOAAM MOJTYYEHUSI HAHOYACTHUI] METAJUIOB
C y4aCTHEM MHUIEIUI U JCHIPUMEPOB TECHO IMPUMBIKAIOT CUHTE3bI B
MOPUCTHIX CTpyKTypax. HanowacTtuisl cepedpa u cynbduma cepedpa
MOJIYYEeHbl B HAHOPA3MEPHBIX MOJOCTAX MEepPTOPUPOBAHHBIX HOHO-
MepHBbIX MeMOpaH. BoccTaHOBIIeHHE NOHOB METAJIJIOB B MIPUCYTCTBUU
AMUHOJIEKCTPAaHA U CTUPOJIa MPUBOJUT K 00pa30BaHUIO CHEpUUECKUX
YacTHUIl MOJAUCTUpOaa auamerpoM 2,0 MKM, MOKPBITBIX OCTPOBKaMU
30J10Ta U cepedpa pazmepom ot 5 10 200 HM.

B Hacrtosiiiee BpeMst it GOpMUPOBAHUS HAHOYACTHI] METAJIIOB
AKTUBHO UCIIOJB3YIOTCSI MOPUCTHIE HEOPTAaHUYECKUE MaTEepUalbl TUIA
neoauToB (puc. 25). TBepapie 1EOINUTHI, UMEIOIINE MOPHI U KaHAJbI
CTPOTO OMNPEIEICHHBIX Pa3MEPOB, SIBISIOTCA YJIOOHBIMH MaTpUILIAMU
JUIsl CTaOUITU3AlMY HAHOYACTHUI] C 3aJITAaHHBIMU CBOMCTBAMU.
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IIpu nmosryyeHun HaHO-
4acTUIl B IOpax IIEOJUTOB
HCTIOJIB3YIOT JIBA OCHOBHBIX
MeToga. OauH U3 HUX CBS-
3aH ¢ MOpSIMOM ajcopOIuei
apoB MeETa/UIOB B TIIA-
TEILHO 00€3BOKEHHBIX IIO-
pax IEOIUTOB.

Ipyroii, 6oaee mwupo-
KO NPHUMEHSIEMBIM METO/I
OCHOBAaH HAa XHMMHYECKUX

IIPEBPAIICHUSAX BBEICHHBIX Puc. 25. Leonumol

B MOpbl MPEAUICCTBEHHU- — Oonvuwias epynna OIu3Kux

KOB B BHUJI€ COJIM MeTajlia no coOCmMagy u c60UCmseam
METATIOKOMIUIEKCHEIX 1M MUHEPANos, 600HbIE ANOMOCUTUKAMbL
METAJUIOOPIraHUYECKUX CO- Kaabyusa u Hampus
CIMHCHUU.

[TogoOHBIM MyTE€M, HampUMeEp, B KaHAJIaX MOJICKYJSPHBIX CHUT
OBLIM MOJIy4EHbl HAHOTIPOBOJIOKH TUAMETPOM 3 HM U JIJIMHOM B COTHU
pa3 OoblIIe.

DoT0- M paJUALMOHHO-XHUMHYECKOEe BOCCTaHOBJIeHMe. [lomy-
YEHUE HAHOYACTHUI] METAJUIOB B YCJIOBHUAX BO3JCUCTBUS HA XUMHUYE-
CKYI0 CUCTEMY BBICOKHX JHEPIUM CBSI3aHO C T'€HEPALUEN BBICOKOAK-
TUBHBIX CUJIBHBIX BOCCTAHOBHUTEJEU THUIIA BJIEKTPOHOB, PAJIMKAJOB,
BO30Y>KJICHHBIX YaCTHII.

@POTO- U pagUaMOHHO-XUMUYECKOE BOCCTAHOBIIEHUE T10 CPABHE-
HUIO C XMMUYECKHM HMEET ONpeAceHHbICe nmpeumyiiectBa. OHO OT-
JauYaeTcsl OOJbIIEH YMCTOTOM 00pa3yeMbIX HAHOYACTHII, TaK Kak OT-
CYTCTBYIOT IIPUMECH, MOJYYArOIIMECS IIPU UCIOIB30BAHUU XUMUYE-
CKMX BoccTaHoButenei. Kpome toro, mpu (oto- u paguaiiioOHHO-
XMMHUYECKOM BOCCTAHOBJICHUHU BO3MOYKEH CUHTE3 HAHOYACTUL[ B TBEP-
JBIX Cpeaax v MpU HU3KUX TEMIIepaTypax.

DOTOXMMHUYECKOE BOCCTAHOBJICHUE B PacTBOpaX Hanboyiee 4yacTo
MPUMEHSIIOT JJIsi CUHTE3a 4YacTHl] OJaropoJiHbix MmeTtauioB. [Ipu mo-
JyYEHUU MOJIOOHBIX YaCTHUIl U3 COOTBETCTBYIOIIUX COJIEH B KaueCTBE
Cpellbl MCIOJB3YKOT HMX PAaCTBOPbI B BOJE, CIUPTE U OPraHUYECKUX
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pacTBOpuTENAX. B 3THX cpenmax moj Bo3JAeCTBHEM CBeTa 00pa3yroTCs
AKTHUBHBIC YACTHIIBI:

H,O — e¢(aq) + H + OH;
pearupys co CIHpTaMH, aTOM BOAOPOAA M PaJMKaI THAPOKCHII JTAl0T
CIIUPTOBBIC PATUKAIIBI;

H(OH) + (CH;3),CHOH -> H,0(H,) + (CH;),COH.

ConpBaTUPOBAHHBIN SJICKTPOH B3aMMOJACHCTBYET, HampHMeEp, C
WOHOM cepelpa M BOCCTAaHABIMBAET €T0 JI0 MeTaJlja;

Ag +e'(aq) >Ag°.

Kpuoxumuueckuii cuHTe3. BhICOKAas aKTUBHOCTH aTOMOB U Ma-
JBIX KJIACTEPOB METAJIJIOB B OTCYTCTBUE CTAOMJIN3aTOPOB MPUBOIUT K
arperaiiuu B OoJiee kpymnHble yacTuilel. [Iporecc arperanuu aToMoB
METAJJIOB MAET 0e3 sHepruu akTuBanuu. CTaOuIu3aiuio aKTUBHBIX
aTOMOB MPAaKTUYECKH BCEX IJIEMEHTOB MEPUOJNYECKON CUCTEMBI yia-
jock ocyiectBUTh npu HU3KUX (77 K) u ceepxuuzkux (4—10 K) tem-
neparypax METOA0M MaTpudHOW u3oJisiuu. CyTh 3TOTO METOJa CO-
CTOMT B MPUMEHEHUU MHEPTHBIX T'a30B MIPU CBEPXHU3KUX TEMIIEPATY-
pax. Haunbonee mupoko B Ka4yecTBE MaTPHUIl MUCHOJB3YIOTCS aproH U
KceHOH. ITapbl aTOMOB METaJJIOB KOHJICHCUPYIOT ¢ OOJBIINM, OOBIYHO
THICSTYEKPATHBIM, U30BITKOM HMHEPTHOI'O T'a3a Ha MOBEPXHOCTh, OXJIa-
xnaemyto 110 4—12 K. CunbHoe pa30aBiieHME UHEPTHBIM ra30M U HU3-
KM€ TEMIIEPATypPhl MPAKTUUYECKU UCKITIOUAIOT BO3MOXXHOCTh nudPy3un
aTOMOB METAJVIOB, M B KOHJICHCATE MPOUCXOUT UX CTAOUIU3ALIUS.

JIns OCyIIEeCTBIICHUS XUMUYECKUX PEAKIUN MPU HU3KHUX TEMIIE-
patypax HEoOXoJuMa TMOJBMXHOCTh CTAOWUJIM3UPOBAHHBIX B KOHJICH-
caTe aKTUBHBIX 4acTull. B mpuHIune, MaTpuyHas U30JISIIUASI U XUMU-
YEeCKUE MPEeBpalIeHUs] — B3aUMOMCKIIIOYarolue npouecchl. Ctaduim-
3aIusl aKTUBHBIX YaCTHUIl BEJAET K OTCYTCTBHIO PEaKIIUi, 1 HA00OPOT,
€CIIM HMMEET MECTO XHMMMYECKas peakilus, TO HeT CTaOWIu3alluu.
[Ipu uccrnenoBanuu 0Opa3lOB, MOJYYEHHBIX METOJIOM MAaTPUUYHOU
M30JISIIUM, B TPOIECCE HArPEeBaHUSI OCYIIECTBIICH PsAJl HOBBIX U HeE-
OOBIYHBIX XUMHUYECKUX PEAKIUM aTOMOB Pa3IUYHBIX METAIOB CO
CIICIIMAJIbHO BBOAWMBIMU B HU3KOTEMIIEPATYPHBIC KOHAEHCATHI XUMU-
YECKUMM COCTUHEHUSIMH.

[TomoOHbBIe MpeBpalleHus B 0o0IIeM BHUAE MOXKHO OIHMCAaTh Clie-
JIYIOIIEH CXEMOW:
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M — metami, L — xuMudeckoe coequHeHue (Jiurasj). 1o cxe-
Ma IMOCJEA0BATEIbHO-NIAPAJUICIIBHBIX KOHKYPUPYIOIIUX PEaKIUHU.
Hanpasnenue | orpaxkaer mporecc arperanvi aToOMOB METAJIOB U
oOpa3oBaHUE TUMEPOB, TPUMEPOB W HAHOYACTHII, HAINpaBJICHUE 2 —
B3aUMOJICMCTBUE ATOMOB C JIMTAHJAAMUA W MOCJEAYIOLIEE IMOTyYECHUE
KOMIUJIEKCOB WJIM METAJUIOOPTaHUYECKUX COCTMHEHUM.

OnuceiBaeMble NPUBEACHHOW CXEMOW MPOUECChl B HU3KOTEMIIE-
paTypHBIX KOHJIEHCATaxX SIBJISIFOTCS HEPABHOBECHBIMU WM 3aBUCST OT
MHOTUX (PAKTOPOB, B TOM YHCJIE OT COOTHOIICHHS METaJUI—JIUTaH/,
TEMIIEPATYPhl OXJIAXKAAEMOW MOBEPXHOCTH, CKOPOCTH KOHJCHCAIIUU,
JABJICHUS TIAPOB PEareHTOB B KPUOCTAaTe, CKOPOCTH HarpeBa oOpasiia.
Ha ¢dbopMupoBanue HaHOYACTHUI] B MPOLECCE KPUOKOHICHCAIIMA HaU-
0oJiee CUJIIBHO BJIMSIIOT: CKOPOCTh JOCTHIKEHHSI aTOMaMU OXJIaXKJae-
MOM MOBEPXHOCTH, CKOPOCTh MOTEPH aTOMaMU M30BITOYHON SHEPrUuu
4yepe3 B3aUMOJICVCTBUE C KOHAECHCATOM M CKOPOCTh YJAJICHUS KIIacTe-
pPOB M3 00JIaCTH TOBBIMICHHON KOHIIEHTpaluu aTtoMoB. [lomyueHue
HAHOYACTHUI[ METAJIJIOB ITyTEM COKOHJCHCAIIMA HA XOJOJAHOW IMOBEPX-
HOCTHU TO3BOJISIET JIETKO BBOJIUTH B UX COCTAB Pa3JIMUHbIC J100aBKH,
KOTOPBIE MOTYT U3MEHSTh (PU3NKO-XUMHYECKHE CBOMCTBA CUCTEMBI.

duzuvyeckue MeToabl. CyIecTByeT MHOTO Pa3IMYHBIX (u3nUe-
CKMX METOJOB MOJYYECHHUS HAHOYACTHI] METAJUIOB. OJIHUM U3 OCHOB-
HBIX SIBJISIETCSI TIPOLIECC, OCHOBAHHBIM HA COYETAHWUU HCIIAPCHUS MeE-
TaJUIa B MOTOK MHEPTHOI'O Ta3a ¢ MOCIEAYIOIIEN KOHACHCAIIMEW B Ka-
Mepe, HaXOJIAIIeics pu onpenesieHHon temneparype. K ¢puzndeckum
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croco0aM CHHTE3a HAaHOYACTUI] METAJUIOB IIPUHSATO OTHOCUTHh METO/IbI,
UCIIOJIB3YIOIINE HU3KOTEMIIEPATYPHYIO IIa3My, MOJIEKYJISIPHBIE ITYUYKH
Y Ta30BOE HCMAPEHUE, KATOAHOE PACIBUICHHUE, YIAPHBIE BOJHBI, dJIEK-
TPOB3PBIB, JIA3EPHYIO AIEKTPOAUCIIEPCUIO, CBEPX3BYKOBBIE CTPYH, Me-
XaHUYECKOE JUCIIEPTUPOBAHUE B €0 PA3JIMYHBIX BAPUAHTAX.

5. OCHOBHbIe 00BEeKTbl HAHOXUMUU

5.1. Memannu4yeckue HaHOKnacmepbl

OI[HI/IM N3 paCIIpOCTPAaHCHHBIX MCTOIOB HOqueHHH HaAaHO4YaCTHUIl
MCTAJJIOB ABJIACTCA JIA3CPHOC HUCIIAPCHUEC aTOMOB C ITOBCPXHOCTH
(puc. 26).

Puc. 26. Ycmanosxa ons noayuenusi Hanouacmuy Memaiios
JIA3ePHbIM UCHAPEeHUeM amoMo8 ¢ NOBEPXHOCMU

HccnenoBanue Mmacc-CeKTpPOB MOTOKA MOJy4YaeMbIX HaHOYa-
CTHII CBHHIIA TTOKa3ai0, 4To Kiactepbl u3 7 u 10 atoMoB OoJiee Bepo-
ATHBI, YeM JApyrue. ITO O03HA4YaeT, YTO OHM OoJiee CTAaOWIIBHBI, YEM
KJIACTEPBI IPYTUX pa3MEPOB. DTU YUCHa (JJIs1 JPYTUX DJIEMEHTOB OHU
MOTYT UMETh JAPYTrHe 3HAUCHHs) HA3BIBAIOT AJIEKTPOHHBIMU Maruue-
CKMUMHU uuciaamMu. VX Hajaumume TMO3BOJISIET paccMaTpUBaTh KJIACTEPhI
KaK CyIlepaToMbl, YTO M OOYCJIOBHWJIO TOSIBICHHE ISl ONMHUCAHUS MeE-
TAJUNIMYECKUX KIACTEPOB «MOJIEIIH JKEIIe).
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B «Mozmenu >xene» KiacTep arOMOB pacCMaTPHUBAETCS KaK OJMH
0onbIoi atoM. [lonmokuTenbHBIN 3aps/ g/pa KaKIoro aToMa Kiacrepa
CUMTAETCSI PABHOMEPHO PACIIPEACIICHHBIM 10 I1apy ¢ 00BEMOM, PaBHBIM
o0beMy knactepa. Takas cpepudyecku CUMMETpUYHas MOTEHIIMaIbHAs
sMa MOJIETTUPYET MOTEHUMAT B3aMMOJICUCTBUS JJIEKTPOHOB C SJIpaMHU.
Takum 00pa3oM, SHEPreTUUECKUE YPOBHU KJIacTepa MOTYT OBbITh MOJTY-
4YeHbI TyTeM penieHus: ypaBHeHus [lpeaunrepa ajis onvcaHHOM cUCTe-
MbI, AHAJIOTMYHO TOMY, Kak 3TO JENaeTcs s aroMa BOJOpOAA.
Ha puc. 27 noka3aHbl CXeMbl JHEPTE€TUYECKUX YPOBHEN aToMa BOAOPO/Ia
U CUCTEMBI CO CHEPUUECKH CUMMETPUYHBIM pacipe/ieICHUEM TMOJIOKH-
TENBHOTO 3apsija. BepxHue MHAEKChl OTHOCATCS K KOJMYECTBY JIEKTPO-
HOB, 3aIOJIHSIONIUX JIAHHBIA YHEPreTUYECKUNA YPOBEHb. DJIEKTPOHHBIC
Maru4eckue 4ucjia COOTBETCTBYIOT IMOJHOMY KOJUYECTBY 3JIEKTPOHOB
CylepaTroma, Mpu KOTOPBIX BEPXHUN SHEPreTUUYECKUN YPOBEHb 3aIoJ-
HEH JI0 KOHIIa. 3aMETUM, YTO TOPSIIOK YPOBHEHN B MOJCIIN KEJI€ OTInYa-
€TCsl OT TAaKOBOT'O B aTOME BOiopoa. B 3Toi Mojenn Marnyeckye 4mucia
COOTBETCTBYIOT KJacTepaM C TaKUMHU pa3MepaMu, NpH KOTOPBIX BCE
YPOBHH, Ha KOTOPBIX €CTh 3JICKTPOHBI, 3aIIOJTHEHBI JJO KOHIIA.

Puc. 27. Cpasnernue snepeemuveckux yposHel amoma 8000pood
U MAI0AMOMHO20 Kldcmepa 8 MOOeU Jicene
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DJIeKTpOHHBIE Marndeckue ynucia aromoB He, Ne, Ar, Kr cocTas-
0T 2, 10, 18, 36 coorBeTcTBeHHO (ypoBHU Kr Ha pHCyHKE HE MOKa-
3aHbl) U 2, 18, 40 — 1151 KacTepoB.

AJIbTEpHATUBHAA MOJICNIb, HCIIOJb3yeMasi JJisl BBIYHCIICHUSA
CBOWCTB KJIACTEPOB, PACCMATPUBAET UX KAK MOJEKYJbl U IPUMEHSAECT
JUISl BBIUUCJICHUHM CYILECTBYIOIINE TEOPUU MOJICKYJISIPHBIX OpOUTalIeH,
Takue Kak Teopusi GyHKIIMOHATIOB IJIOTHOCTH.

Kpucranauyeckas CTpykTypa HaHOYACTHUI[BI OOBIYHO Takas e,
KaK U y 00bEMHOI0 MaTepualia, HO ¢ HECKOJbKO OTJIMYAIOIIUMCS Ta-
paMeTpoM pemieTku (puc. 28).

Puc. 28. I'eomempuueckas cmpyxmypa:
(a) — anemenmapnas A4eluKa 06vbeMH020 aANOMUHUS,
(6) — mpu 8o3modicHvle cmpykmypul kiacmepa All3

PentrenoBckass nudpaxkuus AJis 4aCTHUIbl JIIOMUHHS pa3MepoM
80 HM TMoOKa3bIBaeT 3jieMeHTapHylo siueiiky ['TIK-pemerku, m3obpa-
EHHYIO Ha pHC. 35 a, TaKylo ke, Kak U 'y 00beMHOro aatoMuaus. O-
HaKO B HEKOTOPBIX CIIy4YasiX Majible YaCTHIIBI C pa3MepaMu < 5 HM MO-
I'yT UMETh IPYTYIO CTPYKTYypy. MIHTEpecHO paccMOTpeTh antoMHUHUE-
BB Kjactep u3 13 aroMoB, Tak Kak 3TO — Maru4eckoe YHUCJO.
Ha puc. 35 6 moka3zaHbl TpU BO3MOXKHBIX PACIIOJIOKECHHUS aTOMOB B
Kiacrepe. Ha ocHOBe kpurepusi MakCUMHU3alUKM KOJIMYECTBA CBA3CU
IpyU MUHUMHU3AIUK 00BbeMa M TOro (DaKTa, 4TO B 00bEME CTPYKTYpOu
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amoMunus saeiserca ['LHIK, MOXKHO 0XHAaTh, 4TO CTPYKTypa TaKON
HaHouyacTuIpl Takke Oyaer I'IIK. OgHako BBIUMCICHUS MOJEKYIISIp-
HBIX opOuTanell mo MeTroay (PyHKIIMOHAIOB IUIOTHOCTH MpPEICKa3bl-
BAIOT, YTO HAMMEHBIITYIO SHEPTUIO UMEET UKocadApudeckas hopma, To
€CTh BEPOATHO U3MEHEHUE CTPYKTYPBL.

Crnenyer OTMETUTh, YTO CTPYKTypa H30JHUPOBAHHOW HAHOYACTH-
bl MOKET OTJIMYATHCS OT JIUTAH/-CTAOMIIU3UPOBAHHOMN CTPYKTYPHI.

Knacrepsl pa3HbBIX pa3MepOB HMEKT PAa3HYIO JJICKTPOHHYIO
CTPYKTYPY H, COOTBETCTBEHHO, Pa3HbIC PACCTOSHUS MEXIY YPOBHS-
Mu. CpenHsisi SHeprus OyJIeT OnpeaessiThCS HE CTOJIbKO XMMHYECKOU
IIPUPOJIOM aTOMOB, CKOJIBKO Pa3MEPOM YaCTHULIBI.

N3-3a TOro 4To 3IEKTPOHHASI CTPYKTypa HAHOYACTHUIIBI 3aBUCHUT
OT €€ pa3MepoB, CIOCOOHOCTh pearupoBaTh C APYTMMH BEIIECTBAMU
TaK)Ke JOJDKHA 3aBUCETh OT €€ pa3sMepoB. DTOT (HAaKT uMeeT OOJbIIoe
3HAYEHHE ISl IPOCKTUPOBAHUS KaTalIU3aTOPOB.

5.2. YanepoOdHblie HaHOCMPYKMypbl

VYriepos cymecTByeT B HECKOJIBKUX aJJIOTPOITHBIX MOAUUKAIU-
ax. [Ipexne Bcero 3To anma3 — TUTAaHTCKas MOJIEKYJA, COCTOSIIAs
TOJBKO W3 aTOMOB YTJIEPOJIa, CBSI3aHHBIX KOBAJICHTHBIMU CBA3SIMU.
Mopens CHenbcOHa OOBSICHSET MPOYHOCTH AiMa3a HEMPOHUIAEMO-
CTBIO OpOUT MaTEpHUAIBLHON BOJHBI U 0COOOM MPOUYHOCTHIO KOBAJICHT-
HbIX cBs3ell. «llapamokc amMasza 3akiatodaeTcsi B pEKOPJIHOW IJIIOTHO-
CTH YIAKOBKM aTOMOB €r0 HEHANPSIKEHHOW CTPYKTYpbl. I 0OBSICHAIO
TBEPIOCTh ajaMasza CONPOTHUBIICHUEM JJIEKTPOHHBIX OpOUT nedopma-
MU, ITO JEMOHCTpAIUs TOTO, YTO JJIEKTPOHHBIE O0Jlaka HE MOTYT
MPOHUKATh APYT B ipyra NoA0OHO Mapy WY MpU3paKam».

B Hacrosiee BpeMs CO3/1aHbl U BBITYCKAIOTCA CTPYKTYPHhI, Ha3bI-
BacMble HaHoanMazamu. HaHoanma3s, unaue yJIbTpaguCEPCHBIA all-
Ma3 (anri. nanodiamond), — yrJIepOJHBIA HAHOKPUCTAIIIMYECKUI
Marepuanl C KPUCTAUIMYECKOM CTPYKTypou anmasza. Kpucraumr
HaHOalIMa3a COCTOUT W3 alMa3Horo snapa (pasmep 1-10 HM), mOKpHI-
TOro 000JIOYKOM JIYKOBUYHOTO YIiepoaa, B KOTOPOM aTOMBbI YIJIEpo/ia
HaxXoJATCs B sz—FI/I6pI/IJIHOM COCTOSIHUU. MeXly HUMHU MOXET Haxo-
TUTHCSI THOPUIHBIN CJIOM, B KOTOPOM aTOMBbI YTJIE€pOaa HaXOJATCS KaK
B COCTOSIHHH SP°, TAK U B COCTOSIHUSISL SP -THOPHIH3ALIIIL.
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a) 0)

Puc. 29: a — ynaxoska amomos yenepooa 6 aimase,
6 — mooenv CHelbCoHA

B 1964 r. ®un Uton u3 Unkarckoro yHuBEpCUTETa CUHTE3ZUPO-
Bas1 mosiekyny CgHg, mpeacraBiennyto Ha puc. 30a, Ha3BaHHYIO KyOa-
HoM. B 1983 r. JI. [lanert u3 ynusepcurera Oraiio CUHTE3UPOBAI MO-
nekyny CyoHyo nonekasapudeckoii popmbl, mokazaHHyro Ha puc. 300,
KOTopas oOpa3oBaHa COCAVMHEHHEM IISITUYTOJbHUKOB U3 Yyriepoja ¢
yriamu Mexy C—C-cBsizsimu, coctaBisironumu ot 108° mo 110°.

o ?

p

Puc. 30: a) — cmpyxmypa xydouueckoti y2ne6000poOHOL MOJIEK) bl
kyoana CsHg, u 6) — 0odexasopuueckoti monexynvt CroH
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CuHTE3 3THUX YIJIIEBOJOPOJHBIX MOJIEKYJ C YTJIaMHU, OTJIWYHBIMU
OT CTaHJAPTHBIX yTJIOB THOPUIM3AIIMHA, OB BAXKHBIM IIIarOM Ha MyTH
CO3/IaHUS YTJIEPOJHBIX HAHOCTPYKTYP, TAKKE TPEOYIOIIUX Pa3IUIHbBIX
YIJI0B MEXKY CBSI3SIMU.

Jl1st mosmydeHusl KIacTepoB yriepoaa MOXKET ObITh MCIIOIb30BAHO
JA3€PHOE HCHApPEHUE YTIEPOJHOM TOJJI0XKKM B TIOTOKE TEIus.
[Ipu aHanM3e Macc-CHEKTPOB MOJYYEHHBIX YAaCTHI[ yriepoaa ObLIOo
yCTaHOBJIEHO, UTO MpHU KoianyecTBe aToMoB N MmeHee 30 oOpa3zyrorcs
KJIACTEPhl CO BCeMU 3HAYCHUAMU N. BBIUMCICHUS CTPYKTYpPbl MaJIbIX
KJIACTEPOB METOJIOM MOJIEKYJISIPHBIX OpOUTANIEH MOKa3bIBAIOT, YTO Ta-
KM€ KJIACTEPbl UMEIOT JIMHEHHYIO0 WJIM 3aMKHYTYIO HEIUIOCKYH) MOHO-
HUKJIAYHYI0 TEOMETPHIO.

B 1985 r. I'appu Kpoto u Puuapa Cmomm ¢ COTpyJHUKAMU CO-
OOIIMIIA, 9TO B MAacCC-CIIEKTpax IMapoB rpadura, MOIydeHHBIX €T0 HC-
MapEeHUEM TI0J] JIA3€PHBIM ITYYKOM, UMEETCS PsJi UHTCHCUBHBIX MUKOB,
OTBEUAIOIIUX KJIacTepam (MIu MHOTOATOMHBIM MOJIEKYJIaM) yIJIepo/ia.
Hanbomnee crabmmpabiMu U3 HUX oKa3anuch Cgy 1 Cyg (puc. 31).

Puc. 31. Cmpyxmypa monexynvt Cgpu Cy

Monekyna Cgy ObTa Ha3BaHa (YJJIEPEHOM MO UMEHU apXHUTEK-
Topa u uzoodperarens P. bakmuncrepa @ymnnepa, CKOHCTpyUPOBaBIIIE-
ro reoJe3U4YEeCKUil CBOJ, HamOMUHAIOMNN CTPYKTYpY Cgo. OHA nMeeT
12 nmeHTaroHanbHBIX (MSATAYTONBHBIX) U 20 reKkcaroHaabHbIX (IIECTHU-
YTOJBHBIX) CUMMETPUYHO PAacCIOJIOKEHHBIX TpaHel, 00pa3yrommx
dbopmy, Onu3kyr k mapy. Ha camom pgene reomeTpusi MOJEKYJIbI
dbymnepena onmwxke Kk popme GyTOOIBHOTO MsAYa, TAKKE COCTOSIIETO
U3 TSTH- U MIECTUTPAHHBIX (DaceToK. DTH MapooOpa3HbIe MOJEKYJIbI
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MOTYT COCAMHSTHCS JPYT C IPYroM B TBEPJAOM Tejie ¢ 00pa3oBaHUEM
rpa"eueHTpupoBanHoi (I'LIK) kpucrammmueckon pemerku. Paccros-
HUE MEXY IIEHTpaMH ONMKaNUIIUX MOJIEKYJ B FpaHELIEHTPUPOBAHHOM
pelIeTKe, yAEep>KUBAeMbIX CIa0bIMU BaH-JE€pP-BaallbCOBBIMU CHJIAMH,
coctaBisieT okosio 1 HM. Ilockonbky Cgy pacTBOpUM B OE€H30I1€, €ro
MOHOKPHUCTA/UT MOHO BBIPACTUTH MPU MEJJICHHOM BBINIAPUBAHUU
pactBopa Cgo B O€H301JI€.

B T'UK-ctpykrype ¢ynnepenoB 26% o0bema >iaeMeHTapHOU
SYEUKU TYCTYeT, TaK 4YTO IIEJIOYHbIPE aTOMbI MOTYT JIETKO pa3Me-
CTUThCA B IyCTOTaX MEXIYy CHEpPUUYECKHUMHU MOJIEKYJIaMH BEIIECTBA.
Ecmu xpucramibl Cgy 1 METAUNIMYECKUN KM MOMECTUTh B OTKA4aH-
Hyto TpyOky u Harpets 10 400° C, napsl kanus 1upPyHIupyroT B my-
cToThl ¢ oOpa3zoBanueM coenuuenus K3;Cqo. Kpucrtamn Cgy — nusnex-
TPUK, & IIPU JICTUPOBAHUH IIEJTOUYHBIMH ATOMAMHU CTAHOBUTCS MPOBO/I-
HUKOM. CBSI3aHO 3TO C TEM, YTO aTOMBI KaJIMs HOHM3HpYIoTes 10 K, a
WX DJIEKTPOHBI CBA3BIBAIOTCS ¢ Cgy , KOTOPBIM CTAHOBUTCSI OTPULIATENb-
HBIM MOHOM Cgp 3. Takum obpaszom, kaxaas monekyna Cgy moydaeT
TPH JIUIITHUX 3JIEKTPOHA, C1a00 CBA3AHHBIX C MOJIEKYJION U CLIOCOOHBIX
NepEeABUTATHCS 10 KPUCTAILTY, UTO AenaeT Cgy dIEKTPOIPOBOIHBIM.

Kpome nerupoBanusi, CBoOCTBa (PyJijiepeHa MOTYT BapbUPOBATHCSA
noJ JeWCTBUEM XUMHUYECKOW MOAUGDUKAIIMU Pa3IUYHBIMUA OpraHUye-
CKHMU COCJIMHCHUSMMU.

Becpma momnysisipHoi B
Hallld THU SIBJISECTCS pyTras
yTJIepoJHass HAHOCTPYKTY-
pa — rpaden (aHri.
graphene) — muiockuit ciou
Sp”-TUOpPUJIHBIX aTOMOB YT-
Jepoaa TOJIMHOW B OJIMH
aToM, oOpa3yloluX IeKca-
TOHAJIBHYIO PEIIETKY; JBY-
MepHast (opma yriepo/a.
Ero MoXHO 1IpencTaBUTH
KaK OJHY IUIOCKOCTh Ipa-
¢duta, OTAEIEHHYIO OT 00b-
EMHOI'0 KpUcTaia

Puc. 32. Cmpykmypa epaghena (puc. 32).
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Panee cuuTanoch, 4TO JBYMEpPHBIC CTPYKTYphl HE MOTYT CyIIle-
CTBOBaTh B CBOOOJTHOM COCTOSTHUU BCJIEACTBHE BHICOKOM MOBEPXHOCT-
HOM PHEPTUU U JIOJKHBI MPEBPAIaThCsl B TPEXMEPHBIEC, XOTS U MOTYT
OBITh CTAOMJIM3UPOBAHBI B PE3yJbTAT€ HAHECEHUS HAa MOJJIOKKY.
1o 2004 r. noJIy4yuTh UX 3KCIEPUMEHTAIBHO HE yAaBaioch. CaM rpa-
dbeH ynanoch Moay4uTh U3 rpaduTa UMEHHO C MOMOIIbIO CTa0WIN3a-
MY MOHOCJIOEB MO/JIOKKaMu. brarogapsi ciaOboMy CBSA3BIBAHUIO
MEXIy TpaUTOBBIMU CIOSIMH YJAJI0Ch MOCAEI0BATEIBLHO PACIICIUTD
rpaduT Ha Bce 00Jiee TOHKHE CIIOM C MTOMOIIBIO JIMIIKOW JICHTHI, a 3a-
TE€M, PaCTBOPUB €€, IEPEHECTU T'padeHOBbIC (PparMEeHThl HA KpEeMHUE-
BYIO TMOJIJIOKKY. DTOT METOJl HE MPEANOJIaraeT UCHoJIb30BaHUS Mac-
MTAaOHOTO MPOU3BOJICTBA, MOCKOJBKY 3TO py4yHas Mpoleaypa.

Cpenu pyrux cnocoOOB MOKHO BBIICIIUTH OCHOBAHHBIC HA DIIU-
TaKCHUAJIBbHOM POCTE MPU TEPMUUYECKOM Pa3I0KEHUH KapOuaa Kpem-
HUS, HA SMIUTAKCUAIHLHOM POCTE HAa METAJUIMYECKUX MOBEPXHOCTIX, a
TaKXe€ Ha XUMUYECKOM PACKPBITUH HAHOTPYOOK.

I'padpen oOmamaer GoOJNBbIION MEXaHUYECKOW >KECTKOCTHIO M XO-
poriei TermonpoBoaHOCThIO (~1 TIla u ~5%103 Br'm -K! coorser-
CTBEHHO).

HNuTtepec k rpadeHy OCHOBBIBACTCS Ha €r0 AJIEKTPOHHBIX CBOM-
cTBax. Tak, B HEM peanusyercsi OaTUCTUUECKUi (T. €. MPaKTUYEeCKU
0e3 paccesHUsI) TPAHCIIOPT JIEKTPOHOB, Ha XaPaKTEPUCTUKU KOTOPO-
ro MOJJI0KKa U OKpY>Kalolllasi cpe/ia BIMSIOT BecbMa ciiabo. Bricokas
MOABWKHOCTh HOCUTENEH 3apsiaa (MaKcuMaibHasi MOABUKHOCTD

AJIEKTPOHOB CPEJIM BCEX H3BECTHBIX
MaTepUAJIOB)I€NIAET €ro MEePCIEeKTUB-
HBIM MaTephaJioM JJii HCIO0JIb30Ba-
HUS B CAMBIX Pa3JIMYHBIX MPUIIOXKE-
HHSAX, B YACTHOCTH KaK OyIyIIyro Oc- ”W\',
HOBY HAHODXJIEKTPOHUKH M BO3MOXK- '3&?.:‘5{&%’ '\ SRS
HYIO 3aMCHY KPEMHUS B WHTETPAIb-  wsuid

HbIX MHuKpocxeMax.CpoiicTBa rpade-
HAa MOTYT BapbUpPOBATHCS TOJ JCH-
CTBHEM XHUMHYECKOU MOAM(DUKAIINY.
Haubonee peakumoHHOCIIOCOOHBIMHU
ABJISIIOTCS  Kpast TpadeHOBbIX (par-
MEHTOB, OJTHAKO MOYXHO JOOUTHCS U

Puc. 33. Buo yenepoonwix
HAHOmMpyooK
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MOJTHOM WM YaCTUYHOM (PYHKIIMOHATU3AIMA BCEro (parmeHra.
Hamnpumep, rpaden MmoxxeT ObITh THAPUPOBAH 110 TpadaHa.
NHTEepeCcHBIMU HAHOCTPYKTYpaMH C I[IHUPOKUM MOTEHIIMAJIOM
MPUMEHECHUA SBISIIOTCA yriaepoanbie HaHoTpyOkm (YHT). Ortor
O0OBEKT MOXXHO MPEJCTaBUTh cede Kak JUCT rpadeHa, CBEpHYTHIH B
nuuHAp (puc. 33).
B 3aBucumMocTtu oT cmnocoba
CBEpThIBaHUA TpadeHoB cCy-
IECTBYIOT Tpu (HOPMBI IU-
muaapudeckux YHT: axwu-
pajbHBIE THUIA  «KPECIO»
(I1BE CTOPOHBI KaXKJOTO T'eK-
caroHa OpHUEHTUPOBAHBI MEP-
neHauKyiasipHo ocu  YHT),
axupaJbHbIE THUIIA «3UT3ar»
(mpu  mapaaaeabHOM TOJI0-
XKEHHUHU K OCH) U XUpPAIbHbIE
(Jiro0ast mapa CTOpPOH TreKca-
Puc. 34. Dopmwi FOHA pPacCHoJIOKEHAa K OCH
yununopuveckux YHT YHT nox yrinom, OTIIMYHBIM
ot 0 unu 90°) (puc. 34).
Kpome Ttoro, cymecrtByer psan crpykryp YHT, omnpenensemsiii
psanoM daktopos (puc. 35).

Puc. 35. Muozoobpaszue cmpykmyp YHT
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Cpenu Bcero MHOrooOpaszust ¢GopM ClieIyeT BBIACIUTh 2 OCHOB-
Hbix Tuna YHT: ogno-(OYHT) u muorocnoiiasie (MYHT). ITocnen-
HUE pa3InYaroTcs crnocodbom popmupoBanus TpyOoku (puc. 36).

Puc. 36. Mooenu cmpoenuss MYHT:
a) mampeuwixa, 6) pyioH, 8) nanve-mauie

He cnexyer cumTtath yriepoaHble HAHOTPYOKH HJICAIbHBIMU ITH-
auHapudeckuMu oobektamu. B YHT ormedeHo tpu kiacca nedex-
TOB: TOIIOJIOTMYECKHUE; CBSI3aHHBIC C PErHOpUIM3alMEH U CBSI3aHHBIC C
HEHACBIIICHHBIMH CBSI3SIMU.

[IepBbie U3 HUX BOBHUKAIOT

1pu BBeACHUU B cTeHKH YHT 5-
VI 7-4JICHHBIX [IUKJIOB BMECTO
6-4JICHHBIX ITUKIIOB (puc. 37).

Puc. 37. [leghexmui
cmpoenus YHT

YacTto HaOr0MAaCTCs TMOSIBICHHE CIAPEHHBIX 5- M 7-4JICHHBIX
[MKJIOB, YTO BEAET K U3MEHEHUIO JUaMETpa, UCKPUBJIECHUIO U U3THOY
YHT. Cuuraercs, uto Bo MHOTruX Ipoueccax cuaresa YHT BO3HUK-
HOBEHHE TaKUX JE(PEKTOB SIBISCTCS HEM30EKHBIM M3-32 BHICOKUX CKO-
pocTteil oopazoBaHus TPyOOK, a KOHILIEHTpaIMs J1e(EKTOB COCTaBISAET
HECKOJIbKO aTOMHBIX MTPOIIEHTOB.

OOpazoBaHuE W30THYTHIX, PA3BETBICHHBIX, KOJIBIICOOPA3HBIX, 3Me-
eBUIHBIX, cnupalibHBIX OYHT, a Takke TpyOOK MepeMEHHOT0 JuaMeTpa
MOJKET MIPOUCXOAUTH TOJBKO MPH HAIMYWN TOMOJIOTHYECKUX J1e(PEKTOB.
KoHnueckne 4acTuipl Takxke oOpa3yloTcs BCIEICTBUE BHEAPEHUS TO-
MOJIOTHYECKUX Je()EKTOB, B YACTHOCTH — MATUYTOJIbHUKOB.

Kpome Toro, nedeKkTbl MOTYT OBITh CBSI3aHBI ¢ XUMHUUYECKONW MO-
nudukauend TOBEpXHOCTH, YTO MPUBOJUT K pa3pbiBy OAHUX U Pop-
MHPOBAHMIO HOBBIX XUMHYECKUX CBs3el (puc. 38).
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Puc. 38. Xumuuecku moougpuyuposarnvie YHT

Mexanuueckue u mepmuueckue ceovicmea nacanbubix OYHT
SBJISIFOTCS BhIIAOIITUMHUCS (Tabuia 3) U onpeaessitoTCss HECKOIbKUMHU
dbakTopamu:

HEOOBIYHO BHICOKOH MPOYHOCTHIO sz-CB}IBCﬁ C-G;

PEKOPIHO OOJIBINION MIIOTHOCTHIO YITAKOBKHU aTOMOB B rpadeHax;

OTCYTCTBHEM WJIM MaJIOM IJIOTHOCTBIO NI€(PEKTOB CTPYKTYpPHI
(MMEHHO HaIW4Yhe HEM30€KHO 00pasyrommxcs Ae(EKTOB JellaeT pe-
albHYIO MPOYHOCTH, Hampumep, ctaim B 50—100 pa3 Huxe paccuu-
TaHHOW TEOpEeTHUECKH il 6e37e(heKTHOTO MaTepurana).

Tabnuia 3
Mexanuueckue ceoiicmea mamepuaios
Xapakrepuctuka  ['padur Y TIepOIHbIC MVYHT | OYHT | Cranb
BOJIOKHA
[IpoyHOCTH Ha
300—- | 300-
pacTsKEHHUE, 100 3-7 600 1500 0.4
I'Tla
Monayne yrpy- 3 500— | 1000-
roctu, ['Tla 1000 200-800 1000 5000 2000
VnenbHas 200- 150—
po4YHOCTh, [Tla >0 24 300 750 0,05
Y nen1pHBIN MO-
nynb ynpyroctd, | 500 100—400 255000_ 2(5)86 26
I'Tla
Hpenemeroe = 1-3 20-40 | 20-40 26
pacTsbkeHue, %
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Oco0oe 3Hauenue umeer To, uto s YHT xapakrepHa Hu3Kas
IUIOTHOCTE: 1,4 r/eM® i OVHT, 1,8 r/em® ot MYHT. Mexanuueckue
ceorictBa MVYHT, kak BHIHO W3 HaHHBIX TaOJMWIILI, OTIMYAIOTCS OT
ceorictB OYHT. Paspymenue npu pactsixennn MYHT nHaumHaercs ¢
BHEIIIHETO cJI0sl. MexaHn4ecKue CBOMCTBA (B YaCTHOCTH, Moayib FOH-
ra) MYHT Tuna «iaMnoBbIx adaxypoB» IIPU UX MaJION JYIMHE U MaJloi
BEJIMYMHE YIJIa KOHYCHOCTH MO pacyeTraM MOTYT HNPEBOCXOJUTh TAKO-
Bble it OYHT u MYHT ¢ mmimaaprudeckuMu cteHkamu. [Ipu yBenu-
YEHUU JIJTUHBI U YTJIa KOHYCHOCTU CUTYaIUsl CTAHOBUTCSI OOpaTHOM.

TermonpoBoaHocts mHAMBHAYaNbHBIX OYHT oueHb BbICOKA.
Pacuernas BenuunHa K03 (UITMEHTA TEMIOMPOBOIHOCTH OJHOCIOM-
HbIX HAaHOTPYOOK MakcumanbHa nipu 100 K u nocturaet 37 kB1/(m-K),
4TO OJIM3KO K aOCOJIIOTHOMY MAaKCUMyMYy, HaWJEHHOMY JIJIs aliMas3a u
coctapsitomemy 41 kB1/(m-K) mpu 104 K. IIpu koMHaTHOM Temnepa-
Type TEIJIONPOBOJHOCTh HAHOTPYOOK HHUXKE ITHUX BEJIMYMH, HO 3aTO
IIPEBBIIIAST MOKA3aTeNIH ajaMa3a u cocrasisieT 6,6 kB1/(m-K). Ilpsmbie
U3MEPEHUS] TEIUIONPOBOJAHOCTH MHOTOCIIOWHBIX YTIE€POAHBIX HAHO-
TpyOOK NMpU KOMHATHON TeMmIlepaType Jajlyd BEJIWYHHY, MPEBBIIIAI0-
myto 3 kB1/(m-K). OTu 3HaUYeHUsT COOTBETCTBYIOT TEIIONMPOBOJHOCTU
anMasa WM MPEBOCXOAT €€, HO OTIMYAIOTCS TE€M, UYTO MPOSBISIOTCS
JIMILIb B HAIIpaBJIEHUU BAOJb ocu YHT.

Memoowt nonyuenusa YHT: nyroBoi crnocoO, Jla3epHOE ucmape-
HUe rpaduTa, CHHTE3 U3 YIIEPOACOAECPKAIINX ra30B.

Xumusa yznepoouvix Hanompyook. Ouenka peaKkyuoHHOU cho-
coonocmu. BennuuHa yria nupaMuaaIn3aiiy y 00KOBOM MOBEPXHO-
CTH YTJIEPOJHBIX HAHOTPYOOK MEHbIIIE, YeM y (PYJITIEPEHOB, U COCTaB-
asetr 0,059 paxg ms (15,0), 0,075 pan mna (12,0) u 0,090 pan ans
(10,0). Jaxe y manenskoir YHT (8,0), On = 0,113 paa. B otinuuue ot
(dyiepeHoB, yriaepoaHble HAHOTPYOKHU cojliepKar rpad)eHbl, U30THY-
ThIE TOJILKO B OJHOM HampaBjieHuu. OJHaKO OTJIMYUE YyTJia MUPAMHU-
Jaau3alyd OT HYJISl ONpPEJENseT IMOBBIINICHHYI0 PEAKIMOHHYIO CIO-
coonocte YHT mo cpaBHeHHIO ¢ rpadutom.

Yron nupamunanuzanuu y «manodek» YHT Bcerma Oosbiie,
yeM y OOKOBBIX CT€HOK, TOATOMY aTOMBI YIJIEpOJa Ha «IIAMOYKaX)»
MPOSIBJISIIOT OOJIBIIYI0 PEAKIIMOHHYIO CIIOCOOHOCTh, Y€M aTOMbI 0O-
KOBBIX ITOBEPXHOCTEN.
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[Tox xumuen yranepoausix Y HT npuHATO MOHUMATh IPOLIECCHI UX
CUHTE3a, OYUCTKH, MOAUGPUIIUPOBAHMS, COIFOOMIM3ALINH, CAMOCOOPKH
U TIOJTMMEPHU3AIINH, a TAKKe MOP(OJIOTHIO U CTPYKTYPY MOAUDHUIIUPO-
BaHHBIX, COJIOOMIIM3UPOBAHHBIX, CYNPAMOJICKYJIAPHBIX U MOJIHUMEPH-
3o0BaHHbIX YHT.

MoaudunupoBanue X MOXKET OBITh MPOBEAECHO HECKOJbKUMU
My TSAMH, KOTOPBIC BKIIOYAIOT:

- PACKPBITHE 3aKPBITHIX TPYOOK MyTEM UX YACTUYHOTO OKUCIICHUS;

- pyHkumanu3anuo (IpUCOEAMHEHHE K HUM (DYHKIMOHAIBHBIX
rpymm);

- peakiuu (PyHKIMOHAIBHBIX TPYIIN, MPUCOCAUHEHHBIX K yTJIE-
POJHBIM HAHOTPYOKaM;

- 3aMI0JTHEHUE BHYTPEHHUX MOJIOCTEN TPYyOOK pa3iWyHBIMU Bellle-
CTBaMH;

- XUMHYECKHUE PEAKIINH B UX ITOJIOCTH;

- 3aMEIIIEHUE aTOMOB YTjepojJa aToMaMu JAPYTUX XHUMHYECKHUX
AJIEMEHTOB;

- UHTEPKAJIUPOBAHUE aTOMOB M MOJEKYJ «TOCTei» B BaH-JIEp-
BaAJILCOBBI MTOJIOCTH TPYOOK;

- aJICOPOITUIO M XEMOCOPOITHIO Ta30B U MapOB;

- IEKOPUPOBAHNUE BHEIIHMX ITOBEPXHOCTEH TPYOOK APYTUMHU Be-
IIIECTBAMU U UCTI0JIb30BaHUE UX B KAUYECTBE MATPHII.

Uro maer moaudukanua? PacTBopuMOCTb, XMMHUYECKOE MHOTO-
oOpa3ue TOBeICHUS, U3MEHEHHE MOPGOJIOTUM U YMEHBIIEHUE JIe-
(heKTHOCTHU, CO3JaHNE HAHOYCTPOUCTB U THOPUIHBIX MaTEPHAJIOB.

5.3. Op2aHu4Yyeckue HaHOCMPYKMypbli

HanouacTuiiel MOKHO MOJYYUTh U3 OOJIBIIMX OPraHUYECKUX MO-
JIEKYJ1 pA3JIMYHBIX TUIIOB, a TAKXKE U3 MOJUMEPOB, COCTOAIIMX U3 Op-
raHUYECKUX OJIOKOB.

MHorue opraHu4eckue COSUHEHUS C TT-CBSI3bI0 B MOHOKPHCTAJI-
Jax ¥ TOHKHUX IUICHKaxX MPOSBJISIOT HEJIMHEWHBIE ONTHUYECKUE CBOM-
CTBa TPETHErO IMOPSJIKA, YTO AT BO3MOXKHOCTh UCIIOJIb30BATh UX JJIS
npeoOpa3oBaHus BUIAUMOTO CBeTa B YyIbTPadHOJIETOBOC H3IIyUYEHHUE.
Kpome Toro, oHu UMEIOT 04€Hb MaJIeHbKOE BpeMsl OTKJIMKa Ha M3Me-
HEHUE UHTEHCUBHOCTH CBeTa. DTO MO3BOJSET MPUMEHATh WX JJIs T1e-
PEKIIFOYEHUSI CBETOBOTO Jiyda MEXIY COCTOSHUSIMU «BKIIOUCHO» H
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«BBIKJIIOUCHO» B 3JIEKTPOONTHYECKOM 3aTBope (sueiike Keppa), B KO-
TOPOM TIPUJIOKEHUE CHUJIBHOTO DJICKTPUUECKOTO IO aKTUBUPYET

JBYJTy4eIPEIOMIICHUE.
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Puc. 39. Xumuueckue cmpykmypul opeanudeckux coeOuHeHul
C TT-CBA3bI0, UCNONb3YEeMbIX OJis1 NOTYYEHUs]
OpeaHuyecKux Hanokpucmainos. 1) N-okmaodeyun-4-numpoaHuiuH,
2) ouoeyun-1,4-gpenunenouaxpunam, 3) nagpmanun, 4) anmpauyer,
5) ncesdoyuanunossiil pooanurossiil kpacumens (PIC),
6) MepoyUaruUHOBbI POOAHUHOBLIU KPACUMEND,
7) nepunen, 8) ¢hynnepen
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MOHOKpHCTAIBI, COJEepIKAINE CBSI3aHHBIC ITOJMMEPHBIC IICTIH,
pacTSHyThI€ BAOJIb BCEH UIMHBI KPUCTANJIa, MOTYT OBITh yJAOOHBIM
MaTepHuajIoM JJis pa3pabOTKU MOJEKYJISIPHBIX YCTPOUCTB.

MHOTHe HAHOYACTHIIBI, HAPHMEp YaCTHIBI 30J0Ta AU’ , IIPHTO-
TaBJIMBAIOTCSA U3 METAJIOB, KOTOPhIE B 00BEMHOM BHU/IE SIBIISIOTCS XO-
POIIMMH IIPOBOAHUKAMH 3JIKTpruuecTBa. CyIIECTBYIOT M IIOJMMEPHI,
KOTOPBIC XOPOIIIO MPOBOAAT 3JISKTPUYCCTBO, HAIIPUMED IOJHAICTH-
jeH. VX Ha3pIBaIOT MPOBOAIMIMME TOJMMEPAMH, WIIK 00pa3HO — Op-
raHMYeCKUMH MeTaJllaMi. MHOTrYe TIoJIMMEPhl, OCHOBAaHHBIC Ha MOJIH-
aHWJIMHE, TI0 TTOJ0KCHUIO B AJICKTPOXUMHYECKOM Py, KOTOPBIN pac-
IoJIaracT BEIIECTBA B MOPSAIKE MX DJECKTPOXUMHYCCKUX IMOTCHITNAIOB
WJIU CKJIOHHOCTH K OKHCJICHUIO, OJIM3KHU K CEpPeopy.

CynpamoJiekyjasipHble CTPYKTYPbI — 3TO OOJIBIIIHE MOJICKYJIBI,
o0pa3oBaHHBIC TPYNITUPOBKON WM CBSI3BIBAHUEM HECKOJIBKHUX MCHB-
X MOJIEKYJI.
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M=Pd, 41%
M=Pt, 79%

Puc. 40. Monexynapusiii k6adpam, cO30aHHbIL CAMOCOOPKOU
97IeMeHmMOo8 U3 ayukiuieckozo bucgocgpana (6epxy ciesa) u
2,9-ouazobenzofcd,Im]nepunena (66epxy cnpasa). Et o6o3nauaem
epynny smuna — C,Hs, a M moocem oznauamo amom Pd unu Pt.
Obwuii 3apso (+8) cmpykmypvl CKOMREHCUPOBAH
socbmbio npomusouonamu -OSO,CF’;, kak noKasamo Ha pucyHke
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[IpuMepoM MOTYT OBITH CUCTEMBI C BHICOKOUM CTENEHBIO CUMMET-
pUH B BUJE MOJIEKYJISIPHBIX KBaJIpaTOB, KOTOPBIE COAEPHKAT MEPEXO/I-
HbIC METAJLJIBI.

AHaJIOTUYHbIE KOHCTPYKIMH OBUIM CUHTE3UPOBaHbBI B (opme
PaBHOCTOPOHHUX TPEYTOJbHUKOB, MATHYTOJIbHUKOB, IIECTUYTOJIbHU-
KOB U JaXXKe TPEXMEPHOr0 OKTa’jpa. 3ayacTylo dTU KOHGUrypaiuu
MOT'YT OOpa3oBBIBATHCSI B pe3ysibTaTe Ipolecca camocoopku. Hc-
MOJIb30BAaHUE MPOLETYPbl CaMOCOOPKHA B MPOMBIIUICHHOCTH MOXET
MPUBECTU K MOHUKEHUIO CE0ECTOMMOCTH XUMHUECKUX MPOYKTOB.

KBaspaTHbie CynpamMoIeKyIspHbIE CTPYKTYPbl MOTYT OBITh MOJY-
YEHBI IyTEM CHHTE3a YIJIOBBIX MOATPYIII C MOCIEAYIOIIUM UX MPUCO-
€AMHECHUEM K JIMHEHHBIM MOATPYIIaM WIH K JPYTUM YIJIOBBIM MOJ-
rpynnam. [lepBbIii mpoliecc HCMOAb30BAJICS ISl MOJy4YeHUS KOH-
CTPYKUHH, MOKa3aHHOW Ha puc. 40, B KOTOPO NMEPEXOAHBIMU METAJI-
namu sBistoTes namiaaui (Pd) wim nmaruna (Pt).

Jlenopummnuwie monekyavt. Takoul TUII CTPYKTYPHI SBISETCS Qpak-
TaJbHbIM, & CBSI3aHHAsI C HUM Pa3MEPHOCTh UMEET HE LIEJIOYUCICHHOE
3Ha4YeHUe, Harpumep 2 wiu 3, a JpoOHoE.

Cy1ecTBYIOT MOJIEKYJIbI, Ha3bIBAEMbIE ICHAPUTAMU, WU KaCKa/I-
HBIMU MOJIEKYJIAaMH, TIOTOMY 4YTO OHU 0Opa3yroTCs B KaCKaJHOM IPO-
necce. CxeMa MOJIy4YeHHS JEHJIPUTOB HAYMHACTCS C TPEX Pa3IMUHBIX
nuaMuHOB. CHadalia MCXOJHOE COEJWHEHHE BCTYNAeT B PEAKIIUI0 C
BuHuinuanuaoMm (H,C=CH—CN), 3amemiarommumM aToMbl BOAOPOIa B
amuHo-rpynnax (NH2) na unano-rpynnsl CN, B pe3yibTaTe 4ero o0-
pazyetcst nuitmannpou3BoiHoe (CN),N-X—N(CN),. D10 coequHeHue
3aTeM BCTyHaeT B peakiuio ¢ bopruapunom Hatpus (NaBH,), karanu-
supyemyto HoHamu Co~', ¢ obpasoBanmeM coexuHeHus (H,N),N—
X—N(NH,), — BTOpOro nokojaeHus IeHAPUTHON UTEPAIMOHHON TO-
CJIEIOBATEIbHOCTH.

Hanee nukia noBTopsieTcs. [IpuHATO Ha3bIBaTh MOJIUMEDP, MOJTY-
YEHHBIN 32 JIBE€ UTEPALINU, COCTMHEHUEM TPETHErO MOKOJICHUSI. XUMHU-
YeCKUE CTPYKTYpbl X B m-(peHuseH u 2,6-MUpUaANH Pa3HOBUIHOCTSIX
MEpPBOHAYAJILHOTO AuaMuHOBOrO coeauHenuss H,N—X—NH, mnoka-
3aHbI B JIEBOM HMKHEH 4acTu puc. 41.

OTaenbHbBIE IEHIPUTHI MOKHO CBSI3bIBATh B 00Jiee KPYITHbBIE CTPYK-
Typbl, Ha3bIBAEMBIC CYIIPaAMOJICKYJIIPHBIMH JICHIpUTaMu. Takas mporie-
nypa oObeIMHEHNUS HA3bIBACTCS CYITPAMOJIEKYJISIPHOM CaMOCOOPKOM.
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Puc. 41. Cxema nowazo60ti camoc6opku ROIUAMUHOBLIX OeHOPUMOB
noCpeoCcmeom 4epedyouuxcs 3manos 3aMeHbl amomos 6000pood
6 amunoepynnax Ha epynnsl yuanuoa (-NH, =>N(CN),) u omanos
oobasnenusi amomos 6000pooa k azomy yuaruoa (-CN=>CNH,)

6. HaHomalnHbI 1 HaHONPUOOpPbLI

AKTyaTopbl — 3TO YCTPOMCTBa, MPEOOpa3yIOIINE FIEKTpHUUE-
CKYIO PHEPIUI0 B MEXaHUYECKYIO WK HA000poT. 3BECTHO, UTO OJTHO-
CJIOMHBIC YTJIePOAHBIE HAHOTPYOKHU MPHU COOOIICHUU WM DIICKTpUYE-
ckoro 3apsaa aedopmupyrorcs. Co3jaH OCHOBAaHHBIM Ha 3TOM CBOM-
CTBE aKTyaToOp, UCHOJIb3YIOIIUNA JIUCT U3 OJHOCIOMHBIX YTJIEPOIHBIX
HAHOTPYOOK, MPOJOJIbHBIE OCH KOTOPBIX JIEkKAT B TUIOCKOCTH JIUCTA,
HO CJIy4yailHbIM 00pa3oM pPa3OpUEHTHUPOBAHBI JAPYr OTHOCUTEIHHO
npyra. JIBe MOJ0CKY COEIUHSUIUCH IPYr C APYTOM C IIOMOIIBIO JBY-
CTOPOHHETO CKOTYa. M30MMpyrOmni IUIACTUKOBBIA 32KUM CKPEILISI
JIUCTHI CBEPXY U (DUKCUPOBAN 3JIEKTPUUYECKUE KOHTAKTHI. JIMCTHI MO-
MeEILAJIA B 3JIEKTPOJUT U3 ogHoMosipHOoTro pactBopa NaCl. Heckolib-
KO BOJIbT IPWJIOKEHHOTO HAIPSKEHUS BbI3BIBAET OTKIOHEHHWE Ha
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KOHIIE aKTyaTropa J0 CaHTUMETpa, KOTOpPOe MEHSET HalpaBJICHHE Ha
MIPOTUBOIIOI0KHOE TIPU U3MEHECHUH TTOJISIPHOCTH HATIPSKSHHUS.
[TonkmroueHue rmepe-
MEHHOT'O HaIIPSDKEHUS BbI-
3bpIBACT KOJICOAHUST KaHTH-
JeBepa. ITOT TUI aKTya-
TOpa  Ha3bIBaeTcs  Ou-
MOpP(MHBIM TbE30KaHTHJIC-
BEPHBIM, TIOTOMY YTO OT-
KJIMK YCTPOWCTBA 3aBUCHUT
ot nedopMalvy MPOTUBO-
TIOJIO’KHBIX AJIEKTPOJIOB.

+, —

Ha pucyHke mokaszaHo Otpia- Tlonoxu-
TENBHOC Her TENBLHOE

COCTOSTHAE TIPH TIOJIOXKH- HaMpsReHKe  manpmxems I
TEJILHOM HaIPSHKCHUN
(ctpaBa),  HeHTpalbHOE Puc. 42. Cxema akmyamopa,
cocTostHue (B LEHTpe) u COCMOosue2o u3 08YX TUCMO8 OOHOCIIOU-
COCTOSIHHE TP OTpHIA- HBIX HAHOMPYOOK, YOepPHCUBACMBIX
TeTLHOM HATIPSOKEHUH emecme 08YCMOPOHHUM CKOMYEM
(ciea).

Monekyna a3o0eH30yia pu OOJYYEHUH CBETOM JJIMHOW BOJHBI
313 HM MOXET U3MEHUTH CBOKO KOH(POPMAIIUIO C TPAHC-U30MEPHOU Ha
HAC-U30MEPHYIO. M30MEpBI — 3TO MOJIEKYJIBI, COCTOSIIIME U3 OJIMHA-
KOBBIX aTOMOB ¥ UMEIOIIUE TO KE CaMO€ KOJMYECTBO CBS3EM, HO pas3-
JUYHYIO PaBHOBECHYIO KOHpurypauuto. O0iaydas uc-u30Mep CBETOM
C JUIMHHOW BOJIHBI OoJiee 380 HM, MOKHO BEpPHYTbh LIMC-PopMy B Tep-
BOHAUaJIbHYIO TpaHCc-GhopMy. IDTH nBE (GOPMBI Pa3IMYAOTCS ONTHYE-
CKUM CIEKTPOM MOTJIOMIEHUA. 3aMETUM, UTO I[IUC-U30MEP KOPOUE, YEM
TpaHC-Uu30Mep. A300€H30J1 MOKHO TTOJTUMEPU30BaTh, U B MTOJTUMEPHOU
dbopMe OH TaKKe MOXKET MOJIBEPraThCsl TPAHC-IIUC-TIPEBPAIIEHUIO O]
nercterueM 365-HaHOMETpOBOro M3nydeHus. Korga 3to mpoucxonur,
JUIAHA TTOJJMMEPHOMN LENOYKU YMEeHbLIaeTcs. ['pynna u3 MIOHXEHCKO-
IO YHHBEPCUTETA MOCTPOMIIA MOJIEKYJISIPHYIO MallMHy, OCHOBAHHYIO
Ha oToM3OMepHU3aIy a300€H30ILHOTO MOJIUMEpAa.

Mosekyasipabie W CYNPaMOJICKYJIsIPHbIE MEPeKJIIYaTe .
MounexynsipHble MEPEeKI0YaTeId MOIJIM Obl CTaTh OCHOBOM yCTPOWCTB
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XpaHeHUsI H(POpMAaIUU U JIOTUYECKUX CXEM B KOMITbIOTEpAaX, UCIIOJb-
3YIOIIUX IBOUYHYIO CUCTEMY.

365 HM cBeT | —=

e QLD ﬂ

TpaHc-H30oMep Linc-nacmep -— 420 HM CBET

P

a o

Puc. 43: a) unoyyuposanuas yrempaguoiemosvim ceemom
yuc-mpauc-uzomepusayus azooeH3ona, 6) — MoIeKyIapHas Mauuna,
OCHOBAHHASL HA UHOYYUPOBAHHBIX C8EMOM U3OMEPHBIX NPEBPAUEHUSX

A300€H301bHO20 NOJUMEPA, KOMOPBIU COKPAWAEMCsl NPU nepexooe
8 yuc-ghopmy, 6vi3vieas uzeud KaHmuiesepa

Monekyna A, KOTOpasi MOKET HaXOJIUThCS B JIBYX Pa3JIMYHBIX CO-
CTOSIHUAX, CKaxkeM B (hopmax A u B, u oOpaTumMo mepeBOIUTHCS BHEIII-
HUMU BO3JICUCTBUSIMU (CBET, HAIIPSKEHUE) U3 OJHOTO COCTOSIHUS B APY-
roe, MOXET OBbITh MCIOJIb30BaHA JJIs 3alIOMUHAHUS HH(POPMAIUH.

) S
UL e SO
s
el |
| U (+)-CPL I
Me Me
& S

M P
(-)-CPL LPL UPL
Yrenne 3amuch Crupanue

Puc. 44. Cxema monexynvl, Komopyo MONCHO NEPEKIIOUAMb
MexHcoy 08yMs cocmosiHusAMU, 06o3HavenHvimu M u P,
ucnonw3ys ceem c kpyzoeou noaapuzayueu (CPL)

llonooicenue monexynapuo20 nepekuoyamens CUumvl8aemcs u-
HeluHno nonsapuzosanuvim ceemom (LPL). Cmupanue unghopmayuu
OCYWeCmeIsLemes ¢ NOMOWbIo Henospuzoeannoco ceema (UPL).
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s Toro 4yToOBl paccMaTpuBaTh MOJICKYJIY B KaueCTBE XpaHU-
JIWILA HYJISI WIK €UHUIBI, HEOOXOAUMBIX i1 IBOMYHOW JIOTUKH, T1e-
PEKIIOYCHNE BHEIIHUMU BO3JICMCTBUSMHU MEXKIY ABYMSI COCTOSHUSIMHU
JOKHO OBITH OBICTPBIM U 00paTUMbIM. O0a COCTOSTHUS JOIKHBI OBITh
TEPMOYCTONYMBBIMU M CIIOCOOHBIMH IEPEKITIOUaThCS B 00€ CTOPOHBI
MHOro pa3. boiee Toro, 3Tu aBa COCTOSIHUS JOJKHBI OBITh pPa3IM4H-
MBIMH JIJI1 HEKOTOporo 3oHjaa R. Takoe 30HIMpOBaHME Ha3bIBACTCS
PEKUMOM UTCHUSI.
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