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BeepeHue

B nepBoM 4acTM AAHHOrO METOAMYECKOro nocobusa 6blN0 PacCMOTPEHO MPUMEHEHUE B
KaTannse meTona KonebatenbHOW CNEKTPOCKONWUW. BblaeneHve 3Toro metoaa B OTAE/bHbIM
pa3aen obycnoBneHo Tem, YTO B AnTepaType Aons paboT, rae onncaHoO NPUMMeEHEHME MeToAa
NKC, ocobeHHO B Pypbe BapuaHTe, ABNAETCA O4eHb DOAbLIOK U MPAKTUYECKU TaKasa XKe, Kak
npumeHeHne PPA. To ectb ao 50% pabot BkatouyaT meton MKC. Cpean Apyrux onTUYecKux
MeTOA0B HEeT HW O0AHOro, KOTOPbI TaK WMHTEHCUMBHO npumeHaeTca. [IpuYMHbI Takoro
HepaBHOMEPHOIO MCMO/Ib30BAHWA METOA0B ONTUYECKOM CNEKTPOCKONUKN pPa3sHOo6pasHbl. OaHM
MeTO/bl OKa3bIBalOTCA AOPOrMMU, HO HE MO3BOJIAIOT MOJYYUTb UCKAKUNTENBbHYIO MHbOPMaLNLO
ONA YCTaHOBNEHUA CTPYKTYpbl LEHTPOB MAM dopmax aacopbupoBaHHbIX Mmonekya. Mpumepom
TAKOro MeToAa ABAAETCA CNEeKTPOCKoONMA KOMOWHAUMOHHOIO pacceaHus, nanm PamaHoBcKasn
cnekTpockonua. [pyrme metogbl He ABAAIOTCA AOPOrMMM, HO C UX MOMOLLbIO MOXKHO peLaTb
TO/IbKO OTAEeNbHble 4YacTHble BoMpocbl. K 3ToMy MeToay MOXHO oOTHectn YO-Bupg
CNEKTPOCKONMIO. ITOT MEeTo4 WCKAIYUTENbHO XOpOoW TONMbKO ANA  UCCnefoBaHUS
KaTa/an3aTopoB, COAep)KalWux nepexoaHble 3n1emeHTbl. Ho OH He pJaeT OAHO3HAYHOM
nHpopmaumm o dopmax agcopbumm opraHMYECKMX BeLlLecTB Ha MoBePXHOCTU. MeTtop,
dnoopecUeHUMM Mano pacnpocTpaHeH W3-3a CNOXHOCTU MHTepnpeTauuuM noayv4aemon
CNEeKTPaNbHON MHPOPMALUMK.

B nocobue TaKKe BKAOYEH pasgen, Kacalowmica cneunanbHbiX MEeTOAMK M3MepeHus
KoniebaTeNbHbIX CMNEKTPOB Ha MOBEPXHOCTU KaTanM3aTopoB. ITM chneumanbHble MeTOAMKM
No3BONAIOT MOAYy4aTb MHPOPMALMIO Aaxe O CBOMCTBAX aACOPOMPOBAHHLIX MOJIEKYN Ha
NOBEPXHOCTM MOHOKpUCTannos. OaHaAKo, 3TM METOAMKW, B HACTOALLEE BPEMA, HE MONYYUIU
LWMPOKOrO  pPacnpoCTPaHEHUA, MNOCKO/AbKYy TpebyloT o0cobo [opororo UM KanpusHoro
060pyA0BaHMA, W HYXKOATCA B BbICOKOKBAaAMOUUMPOBAHHOM nepcoHane. B WHcTtutyTe
KaTanuM3a 3T MeTOoAbl TaKXEe HEe MNPUCYTCTBYIOT, OAHAKO ANA MNOHMMaHWA MaTepuana,
npeacTaBNAeMOro B CTaTbAX, OCOBEHHO B CTATbAX CAaMOro BbICOKOTO YPOBHA, CTYAEHTbI,
acnupaHTbl U MOAIOAblE YYEHbIE AOMKHbI 03HAKOMUTLCS C UX OCHOBAMM.

[JononHUTENBHOW LENbIo U3LAHUA 3TOro nNocobus ABNAETCA MOMbITKA NOKas3aTb C/labble
CTOPOHblI BCEX METOAOB C TOYKM 3PEHMA UX MNPAKTUYECKOro WCMNOAb30BaHWUA, MOCKO/bKY,
OPUEHTUPYACL HA AUTEpPaATypPHble AaHHble, HAYMHAKOWMKA UCCnedoBaTeNb He BCerga BUAWUT
noABoAHbIe KaMHU NMPUMEHEHUA KOHKpeTHoro metoga. Ob6bl4HO, TPYAHOCTM UCMONb30BaHUA
TOrO WAM MHOro MeToda, Mocne MOAYYEHUA MNONOMKUTENIbHOrO pe3ynbTaTa OCTAlTCA BHE

BHMMaHMA aBTOPOB CTaTel.



Mbl Hageemcs, YTO 4YacTb MaTepuana, U3NOXKEHHOro B nocobuu, byaeTr nonesHa u gns
OMbITHbIX COTPYAHWKOB, paboTalowmx B 061aCTM reTeporeHHoro KaTasunsa, npu Mnoucke
noaxo4awmnx MeToA0B UCCeoBaHMA NPU Nepexoae K HOBbIM MOWMCKOBbIM 3a4ayaM, a TaKkKe
npu noabope MeTOAOB OXapaKTepM3OoBaHMA Npu  pa3paboTKe MeToAoB  CUHTEe3sa
NPOMbILINEHHbIX KaTa/IM3aTOPOB M KOHTPOA CBOMCTB Pa3/INUHbIX NapTUM KaTaIM3aTOPOB.

OTaenbHble pasaensl Nocobua HanucaHbl PpasHbIMM aBTOPaMK, NO3TOMY CTWU/Ib Pa3AeNioB U
bopma M3N0OKEHUA MO Xo4y TEKCTa MoCcobUA HECKONbKO pasnauyaloTca. [lymaem, 4To 3TO He

6yp,eT CIMWKOM CUZIbHO MeLlaTb BOCNPUATUIO NpeCcTaB/IEHHOIo maTtepumana.



1. CI'IEKTpOCKOI'IVIFI KOM6MHaLI,VIOHHOFO pacceaHUnA

CneKkTpocKonMa KOMOMHALMOHHOIO paccesHUs cBeTa (B WMHOCTPaHHOW JnMTepaType
0603HayaeTcs TEPMMHOM  «PaMaAHOBCKaA»  CMEKTPOCKOMNMA) — pasgen  OnTU4YecKkom
CMEKTPOCKOMMMN, N3yYaloLnii B3aUMOAENCTBME MOHOXPOMATUYECKOTO M3/Ty4EHUS C BELLLECTBOM,
conpoBoOXKaatolweeca M3MEHEHWEM 3SHEPIUM  PACCEAHHOr0 MU3/y4eHMA MO CPaABHEHUID C
3Hepruein nagarouero Ha o6bekT (Bo3bykaatouero) nsnyyeHna. KombuHaunoHHoe paccesHue
(KP) obycnoBneHo HeynpyrMmu CTONKHOBEHUMAMW (GOTOHOB C MOJIEKyNnamu (MAM MOHamu), B
X0/e KOTOPbIX OHN 0OMEHMBAIOTCA SHEPTUEN.

KombuHaumoHHoe paccesHue ceeTa (KPC) — pacceaHune B rasax, XUAKOCTAX U KpUCTannax,
conpoBoOKaatouLeeca 3aMeTHbIM M3MEHEHMEM YacToTbl. B oTanumne OoT paneeBCKoro pacceaHmsa
ceeta, npu KPC B cneKkTpe paccesaHHOro M3ay4yeHusa HabnoaaloTca ChneKTpasibHble AUHWUMK,
OTCYTCTBYlOWME B JIMHEMYATOM CMNEKTpe nepBMYHOro (Bo3byaatowero) ceeta. Yucno u
PacnosioXeHne MoABAAKWMUXCA NNHMIA (Ha3blBaeMbIX KOMOWHAUMOHHLIMU NUHUAMWU UK
CNYTHUKAMK) oOnNpeaenaeTcs MOJIEKYNAPHbIM CcTpoeHMem BewecTBa. fBneHne KPC 6binio
TeopeTMyeckn npeackasaHo A.CmeKkanosbim B 1923r., a 3KCNEPUMMEHTANIbHO OTKPbITO
I. C. Nanacbeprom n /1. U. MaHgenbwtamom B 1928 r. npn nccnefoBaHMM paccesHUA CBeTa B
Kpuctannax wn opgHospemeHHo Y. B.PamaHom u K. C. KpvwHaHOM npu wuccnegoBaHum
paccenaHus cBeTa B *uaxkoctax [1].

MaHaenbwTam u JlaHacbepr Npuwan K CBOEMY OTKPbITUIO B MOMCKAX CMELLEHWUS YacTOTbl
pacceaHHOro cBeTa Mo BAMAHWEM MOAYAAUMM Mafalolled Ha BEeLeCcCTBO CBETOBOI BOJIHbI
COBCTBEHHbIMM YacTOTamuM KonebaHUi Kpuctanamyeckon pewéTtku [2]. Y. B. PamaH ncxogun s
noucka onTMYecKoro aHanora aAsneHna KomntoHa. B 3apyberkHol  nuTepaType
KOMBWHaLMOHHOE paccesHUe cBeTa 06bIYHO Ha3bIBAKOT apdeKTom PamaHa.

CrneKTpoCcKoNnsA KOMBOMHALMOHHOIO paccesiHUA WMPOKO UCMOJIb3yeTcs B pa3Hbix 0bs1acTax
HAayKM W TEXHUKU KaK aHaAuTuyeckuih metod. CnekTpbl KOMOWMHAUMOHHOrO pacceaHun
NO3BONAIOT CyAUTb O CTPYKType M ¢$a3oBOM COCTaBe OOBbEKTa, He NOoBpexKAad mucciesyemblit

obpase, [3].

1.1. Npupopaa cnektpos KP

Mpn npoxoxaeHUn CcBeTa Yepe3 BeLeCcTBO pacceAHUe cBeTa MNPOUCXOAUT Ha
HeoA4HOPOAHOCTAX Cpeabl. PacceaHue ctaHoBUTCA CyuwieCtBeHHbIM, Korga 3aTmh HeoAHOPOAHOCTHU
no CBOMM pasmepam I'IpM6J'IM>KaI-OTCF| K ANnHE BOJIHblI Nagatowero CBeTa. O,CI,HMM n3 BngoB

HEeoO4HOPOAHOCTEM B YMCTOM BeL,ecTBe MOryT 6biTb GAYKTyauMm NAOTHOCTM, BO3HMKAtOLWMeE
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BCNeACTBME TEMJIOBOr0 ABUMKEHUA MONEKyN. PaccesaHue, npoucxogsuiee Ha ¢AyKTyaumsx
NJIOTHOCTU, HA3bIBAETCA MOJIEKYNSPHBIM UIN P3/IeEBCKMM. PasieeBCKoe paccesaHne NponucxoanT
6€e3 M3MeHeHMA 4YacCToTbl pacceaHHOro cBeTa (Mo cpaBHeHMIO ¢ nagatowmm). CywHOCTb Ke
KOMOMHALMOHHOIO pPaccesHWss COCTOUT B MNOABNEHMM B CMEKTPE PacCeAHHOro CBeTa HOBbIX
JMHUM C YacToTaMM, SBAAOWMMUCA KOMOMHALUMAMM YacTOT Nafalowero W3ny4yeHua Wu
COBCTBEHHbIX YAaCTOT MO/IEKYNbI (KONebaTeNbHbIX U Bpaw,aTebHbIX).

CoBpeMeHHas KBaHTOBO-MeXaHWYecKan Teopma KOMOMHALMOHHOIO paccesHuA No3BoafeT
06BACHUTL OCHOBHbIE 3KCNEepUMeHTaNbHble ¢akTbl. Bmecte ¢ Tem, Hambonee obume
3aKOHOMEPHOCTM MOryT ObiTb MOJIy4EHbl HA OCHOBE WCMO/Ib30BaHMA  KNACCUYECKOM
3NEeKTPOAMHAMMKN, NPUB/EKAA KBAaHTOBbIE NPeACTaBNAEHUS IUWb B TEX C/ly4anX, Koraa 6e3 Hux
HEBO3MOXHO obolTucb. byaem paccmatpuBatb B3aumogelncTeMe (GOTOHOB C MONEKYIaMMU
(v camn  PoTOHBI), WMCNONb3YyA KNACCUYECKYIOD 3/EKTPOAMHAMMUKY, a COCTOSSHUSA aTOMOB
OMNMCbIBaTb C MOMOLLbIO KBAHTOBO-MEXaHUYeCKMX NpeacTaBAeHN.

MpU NPOXOXAEHUN SNEKTPOMArHUTHOM BO/IHbI B BELLECTBE MHAYUMPYETCA AUNONbHbIN
MOMEHT 3a CYeT CMELEeHUA 3/1eKTPOHOB B MOJIe BOJIHbI OT MNONOXEHMA pPaBHOBECUA.

COOTBETCTBEHHO Y KaX4,0M1 YacTULbl NOABAAETCA AUMONbHbIA MOMEHT:
P=aFE (1)

raoe a— nonapmnlyemocCTtb 4aCtuubl.

MepemeHHOe 3N1eKTPOMArHUTHOE No/se CBETOBOM BOJIHbI MPUBOAUT K BbIHYKAEHHbIM

—

KonebaHmam aunoneir P ¢ 4acToToM nNafalowWero WM3NyvyeHua wo, T.e. 4YacTUlpbl cpeabl
npespalLatoTca B Konebaowmeca snemeHTapHble AUNoAn. ITM AUNOAN UCNYCKAOT BTOPUYHbIE
3N1EeKTPOMarHUTHble BO/IHbI TOW e 4acToTbl W, O06ycnoBAMBalOWME MNPU  ONTUYECKUX
HeogHOpoAHOCTAX (Hanpumep, u3-3a GAYKTyauuit NAOTHOCTM MOJEKY/) paccesHuUe CBeTa.
MMeHHO 3TOT npouecc, npoucxoaAwmnin 6e3 M3MeHeHUsA YacToTbl PacCesHHOro CBeTa, U
Ha3bIBaETCA P3/IEEBCKMM PACCEAHUEM.

Byaem cuuTatb, 4YTO MHTEHCMBHOCTb MajaloWlero cBeTa Mana, M Mo3Tomy byaem
paccMaTpuBaTb TONbKO JIMHEWHbIE MO WMHTEHCUMBHOCTM npoueccbl. Heobxoammo TaKxKe

OTMETUTb, 4YTO B 06LLI,eM CQlydae MOERY/Ibl MOTYT 06ﬂaAaTb aHVI3OTp0I'IMel71. B sTtom Cny4vae

VIH,CWLIMpOBaHHbIVI ,CIMI'IO}'IbeIl;'I MoMeHT P He 6y,c|,eT CcoBMaaaTb MO HaMpaB/1EeHUIO C BEKTOPOM

—

HaNPAXEHHOCTM 3NEeKTPOMArHMTHOro Mnosas cBeToBoi BOAHbI E . [o3tomy, Boobuwe rosops,
NoNApPU3YEMOCTb ABASIETCA TEH30PHOM BE/IMYMHON O = Q. HO B AanbHenwmnx paccyrKaeHuax

ANA NPOCTOTbI Byaem nonaratb A CKaNAPHOM BEINYMHOMN.



KombunHauMoHHOe paccesHMe CBeTa BO3HMKAET BCAeACTBME TOrO, 4YTO ABUMKEHUE
3NeKTPOHOB B MOJEKyNe CBA3aHO C KonebaHusamu saep. BlammHoe pacnonoxkeHuwe saep
onpeaenseT Noae, B KOTOPOM HaxoAMTCA 3/1eKTPoHHOe 061ako. CNnocobHOCTb 3N1EKTPOHHOIO
obnaka gedopmmpoBaTbCA NOA AENCTBMEM 3/1EKTPUYECKOTO NOAA 3/1eKTPOMArHUTHOM BOJHbI
3aBMCUT OT KOHOMUrypaummn agep B OAHHbIN MOMEHT M B C/Ay4ae BHYTPMMOJEKYNAPHbIX
KonebaHni n3meHAeTCs ¢ UX YacToTon. M, HaobopoT, Nnpun aedopmaummn 31eKTPOHHOro obnaka
MOTYT BO3HUKHYTb KonebaHuA AAepHOro 0CToBa MONEKY/bI.

Cam npouecc KOMOMHALMOHHOIO pPacCeAaHUA MOMKHO NpPeAcTaBUTb cebe Kak «peakuuo»
B3aumogenctesma ¢GoToHa C monekynon: Yy + A = y’ + A’ (1) B KOTOPON BHYTPEHHAA 3HEeprus
Mmonekynbl A ysennumaetca (Ex = Ex=Ea + AE), a a3Heprusa ¢poToHa, COOTBETCTBEHHO, YMEHbLUAETCA
hw = hw’ + AE. Bo3amorkeH Takke npouecc y + A’= y + A (2) B KOTOPOM MOJIEKY/IA, HAaXOAMBLLAACS
B BO3OYXAEHHOM COCTOSIHUW, NEPEXOAUT B COCTOAHWE C MEHbLUEN IHEPrnel, a aHeprna GOToHa
pacteT: hw+E'= hw'+E. T. e. B CNeKTpe pacceaHHOro cBeTa, KPOMe YacTOTbl OCHOBHOIO M3/y4eHus,
NOAB/AOTCA HOBble KOMMOHEHTbI. ITU HOBblE YacTOTbl B CNEKTPe paccesHUs (KOTopble 3aBUCAT OT
CTPOEHMA MOJIEKY/bl) W Ha3bIBAOTCA CMEKTPOM KOMBMHAUMOHHOro pacceaHus. [lpouecc,
COOTBETCTBYIOWMIM «peakumm» (1), AaeT NMHUM «CTOKCOBa» pPaCCeAHUs, a COOTBETCTBYHOLLNN
«peakuumn» (2) — «KaHTUCTOKCOBa» paccenaHus.

MHauye roBopAa, KOMOWHAUMOHHOE paccesaHMe CBeTa ABAAETCA MPOLECCOM Heynpyroro
pacceaHma $OTOHOB, NPU 3TOM MPOUCXOAUT U3MEHEHME BHYTPEHHEFO COCTOAHMA MOEKYbI.
MoneKyna nepexoguT U3 0gHOro SHEpPreTMYeckoro coctoAaHMA E (onncbiBaemMoro KBaHTOBbIMM
4Yncnamu n, v, j — aNEKTPOHHbIM, KonebaTenbHbIM M BpalLaTe/ibHbIM COOTBETCTBEHHO) B Apyroe
E’. B cTaHAApTHOM NOCTAHOBKe 3KCnepumeHTa no HabawaeHuo KPC mnccnegyemoe Bewectso
obsiyyaeTca 4acToTOMW, Ha KOTOPOM [AaHHOE BELLECTBO He MOornowaeTt, T.e. KBaHT cBeTa
Hef0CTaTOYHO BEMK, YTOObl NepeBecTM Mosiekyny B BO3OYKAEHHOE 3NeKTPOHHOEe COCTOsHUE.
OpHaKo B3aMMOENCTBME TAaKOrOo KBaHTa NMPMBOAWUT K BO3MYLLEHWUIO 3N1EKTPOHHOM 060/104KM
MOJ/IEKY/Ibl, KOTOpas NepecTpamBaeTcs, NPMBOAA K M3MEHEHUI0 KonebaTeNbHOro COCTOAHWUA
AnepHoro ckeneta. MNpu 3ToM MoNeKyna nepexoauT B HOBOe KosnebaTenbHoe cocToAHWe V,
pacnonoxeHHoe Bbiwe (Hanpumep, n3 v = 0 B V' = 1) MAM HUXKe mUcxogHoro v (Hanpumep,
ms v=18v =0)[4].

BO3HMKHOBEHWE AONONHUTENBHbIX JIMHUA B CMEKTPE pacceAaHMA MOXKeT ObiTb 06BbACHEHO
ncxoaa M3 NpeacTaBAeHUIA KNacCUYECKOM 3/1eKTPOAMHAMMKM. PAacCMOTPUM CBETOBYIO BOJIHY

KaK 9/1eKTPOMArHUTHOE noae HanpaXeHHocTn E ¢ YactoTon KonebaHmn wo:

E = E, cos(2nm,t) (2)
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roe Ep — amnantyga, a t — Bpema. [na ABYXaTOMHOM MOJEKy/bl, MOMELLEHHON B 3TO nose,
MHAYLUMPOBAHHbIN AUNO/bHBIA MOMEHT P 3anucbiBaeTca Kak

P=akE cos(2rmay,t) (3)

B o6wwem cnyyae nonspusyemocTb O 3aBUCHT OT YacTOTbl MOIA, MOITOMY /1A CTaTUYECKOro

nona M 3NEKTPOMArHMUTHOro MU3Ny4eHUA OHa 6y,c|,eT pa3nw-|H0171. Echm gunonb n3nyyaetr no

KNaCCN4eCKMM 3aKOHam N UCXoagHoe mninydyeHune nonAapmnusoBaHoO, TO U pacCeaHne TOXe MOXKeET

— —

6bITb nonApmn3oBaHO, MOCKOJIbKY YaCTULUbl N3OTPOMHbI N HanpaBaeHUA PwvE coBnaaatoT. o710

€CTb P3/IeEBCKOE paccesHue, ero MHTEHCMBHOCTb NPOMOPLMOHANbHA CpeAHEKBaAPAaTUYHOMY

—

3HavyeHuto P.
Ecamn monekyna konebnetca ¢ 4acToToM w1, TO CMELLLeHMe AAep g MOXKHO 3anucaTb Tak
q = qo cos(2mwt) (4)
roe go — KonebatenbHaa amnautyaa. Mpu manbix KonebaHuAX o MHENHO 3aBUCUT OT g, 3TO
0O3HauaeT, 4YTo, pa3noXeHue a B psag Telsopa No KoopauHaTaM CMELLEHus agep g B6aAu3K
NOJIOXEHUs paBHOBECUA OrPaHNYMBAETCA NEPBLIM YNEHOM:
a=q, + 8_05 q (5)
oq ),

B 3TOM BbIpakeHUW ap — NONSAPU3YEMOCTb MOJIEKY/Ibl B PAaBHOBECHOW KOHdUrypauuu, a
(50‘/5Q)0 — MpoOu3BOAHAA MNONAPM3YEMOCTM O NO CMELLEeHWI0 g B TOYKE paBHOBECUA.
MoactaBuB BbipakeHUs 4 M 5 B ypaBHeHMEe 3, MOAYYMM cC/edylollee BbIpaXkeHue pana
MHAYLMPOBAHHOTO ANMOIbHOrO MOMEHTA:

- - - oa -
P=aFE cos2royt = a,E, cos2royt +| — | q,E, cos2mw,t cos 2wt =
0

oa (6)

= a,E, cos 27wt +% 4,E, {cos [27 (@, + @)1 |+ cos| 27 (@, - )t]}

0

MepBblA YNeH ONUCbIBAET OCUMAAUPYIOLWNMIK AMMNONb, YacToTa WU3/YY4EHUSs KOTOPOro Wy
(paneeBckoe pacceAaHue), BTOPOMA UNeH OTHOCUTCA K KOMOBUHALMOHHOMY pPacCesHUlo C
YacToTamm Wo + W1 (AHTUCTOKCOBOE) U Wy — W (cToKcoBoe). TakMm obpas3om, Korga Monekyna
obnyyaeTcA MOHOXPOMaTUYECKMM CBETOM C 4acCTOTOW, B pe3ynbTaTe MHAYyLMpyemMoWn
3N1eKTPOHHOM NONSAPM3aLMM OHA PaCCEMBAET M3/IyYEHME KaK C YacTOTOM Wy, TakK C YacToTamm
Wo * W1 (KOMBMHALUMOHHOE pacceaHMe), rae w; — 4YactoTa KonebaHua. CneposBaTenbHO, B
cnekTpax KP KonebaTenbHbl CNEKTp MOJyd4aeTcs B BUAE Pa3HOCTEM 4acToT najatowero u

pacceaAHHOro n3ny4yeHma B Y& nnum BM,CIMMO[/JI obnactu. U3 atoro BblpaXKeHNA NOHATHO, YTO eC/n
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Npou13BOAHaA NONAPU3YEMOCTM NO KOOPAMHATE g B PAaBHOBECHON KOHOUIypaLumn paBHa HyAHo,

TO BTOpOl‘;i Y/eH B BblPa*XeHUu 6 ucyesaeT MU, COOTBETCTBEHHO, OTCYTCTBYET pacceAaHne C

4yacToToM W £ W1. Takum o6pa30N\, €C/In NONAPN3YyeMOCTb Npu KonebaHuu He MeHAEeTCA, TO 3TO

KonebaHne He byaeT npoABnaTbcA B cnektpe KP. HecmoTpA Ha TO, YTO MHTEHCUBHOCTb KP

cnhabee pPa21eeBCKOro pacceAHnAa B TbiCAYY WU AaXKe OeCATKU TbiCAY pa3, C YyBCTBUTEJ/IbHbIM

$OTO3/1EKTPOHHBIM  YMHOXUTenem (P3Y), a 0cobeHHO npuM MCNONb30BAHUN  MOLLHOrO

NCTOYHMKA BO3OYKAeHUA (Na3epa) ero MoxKHo Habaoaats [5].

Cnucok aumepamypeol K pazdeny 1.1

1.

A.H. Botuy, B.l. Mogonpuropa, B.®. LWabaHoB. KombuHauMoHHOe paccesHUA CBETa B MONEKYIAPHbIX
KpucTtannax. Hayka, HoBocnbupck, 1989, c. 221.

Nanpacbeprl. C., MaHgenbwtam/l. UI. HoBoe siBNeHWe npu paccesHMM cBeTa (NpeaapuTesnibHoe
coobuieHune) // MypHan Pycckoro ¢pus.-xmum. 06-sa. 1928, T. 60. C. 335.

CywmHckmii M. M., CnekTpbl KOMBMHALMOHHOIO pPacceaHUs MONEKyn U KpucTannos, M., HayKka, 1969,
c.576

H0.N. HabepyxuH. Jlekumm no monekynsapHom cnektpockonuu. HIY, Hosocnbupcek, 1973, c. 293.

MeHTnH HO.A., KypamwmHa .M. OcHoBbI MonerkynapHoi cnektpockonuu. —M.: Mup; 2008. —c. 398.
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1.2. MeToAabl perucTpayum cneKTpos KOMOUMHALMOHHOIO pacceAHUA

KntoueBbim ¢aKkTopom pgna Toro, 4tobbl MOXKHO OblIO 3apPErncTpUpoBaTb CMEKTP
KOMOWHALMOHHOIO  paccesHusa, SABAAETCA  Ha/MuMe  MOHOXPOMATMYECKOrOo  UCTOYHMKA
nsnyyeHma. B momeHT 3aporkaeHua metoga KP B KayecTBe WCTOYHMKOB U3Ny4yeHUn
MCNONb30BanM OTAENbHbIE NMHUKW PTYTHbIX NaMM, BblAeNsieMble M3 CYMMAPHOro CnekTpa
M3ly4eHUA C MOMOLLBbIO MOHOXPOMATOPOB. B HacTosAlee BpemA B KayecTBe WMCTOYHMKOB
N3/ly4eHMA WCNob3yloT Nas3epbl, paboTarowme B PA3NIMYHbLIX AMana3oHaX, HauymHaa oT
6anxkHero ynbTpadmonetra W 3akaHumBaa OavkHum WK  amanasoHom. YcTponctso KP
cneKkTpomeTpa npeacTaBneHo Ha cxeme 1. O6pasel, 061y4atoT NasepHbIM IY4OM, U paccesHHoe
N3ly4eHMe C NOMOLLbIO KOJINEKTOPHOM JINH3bI HAMPABASAOT BO BXOAHYHO LLE/Ib MOHOXpOMaTopa.
MoHoXpomaTopbl AN 3TOM LenuM A0MKHbl 06n1agaTb CNOCOOHOCTbIO BblAENATb OYEHb Y3KUE
CNeKTpasbHble NMHUKU. Hanpumep, 414 TUMUYHOTO KPAcHOTO /1a3epa, YacToTa M3/ly4eHUss OKOJI0
15000 cm™ (vo) HEOBXOAMMO BbIAENATb AMHWMM C yacToTamu 15200 (vq), 15210(v,), B AnvHax
BOJIH 3TO BblpaskaeTcsa cneaylowmmn ymucnamm 666,66(Ag) 657,89(A1) 657,46 (A;) HM, TO ecTb
MOHOXPOMATOp AO/KeH WMeTb paspeweHne He xyxe, yem 0.1 Hm. [loatomy B KP
CNEeKTPOMeTpax UCNoNb30BaNM ABOMHble, 6ONbIME MO pa3mepam U CNOXHble MO YCTPOMUCTBY
MOHOXpOMaTopbl. B HacToswee Bpems BMeCTO MOHoXxpomaTopoB B KP cnekTpomeTpax
NCNONb3YIOT MHTEPPEPOMETPLI, M 3TO NO3BOAET CYLLECTBEHHO NOBbLICUTb MHTEHCUMBHOCTbL CBETA

nonajatoLLero Ha NoaynpPoBOAHUKOBbIN AeTekTop nam ©JY.

JlasepHbiv

MCTOYHWMK CBETa Obpazel
[ 7
< > Konnextop
1
11
MoHoxpomarop
nnu
NHTEpdEepPoOMETP Oy

4
Briok ynpasneHus u
perucTpayum curHana
A

Y

KomnbroTep

Puc. 1. Tunu4Has cxema ycmpoticmea KP cnekmpomempa.

12



Ba)KHbIM momeHTOM ana pernctpaunm KP cnektpa ABaseTca pacnonoXKeHue KojanekTopa
OTHOCUTENbHO HanpaBaeHUA asepHoro Jydva. Konnektop Henb3Aa pacnosaratb HanpoTuBs
najatowero Na3epHOro Nyya, Tak Kak Ha GoHe BbICOKOM MHTEHCMBHOCTWU WU3/y4yeHUA nasepa
CNabblvi cMrHan KOMBMHAUMOHHOIO pacceaHna He ByaeT 3aMeTeH, AaXKe eCan He NPUHMMATb BO
BHMMaHWE BO3MOXHOCTb MOBpPEXXAEHUA nNpuemMHUKa wusnydyeHua. [losaTomy npu Cbemke
PacTBOPOB paccesiHHOe u3fydeHue cobupatoT nog yrnom 90° No OTHOLWEHWUIO K Na3epHOMY
Nly4y, KaK NoKa3aHo Ha puc. 1.

MpumeHeHne meTtoga KPC K uM3yueHMIO TBepAblX KaTa/sn3aTOpPOB CTajKMBaeTcA elle C
apyrumn npobnemamu. MNepBaA M3 HUX — HarpeBaHne ob6pasLa NagAoWMM NA3EPHBIM JIyHOM.
HarpesaHne obycnoBneHo Tem, YTO TENNONPOBOAHOCTb OObIYHbLIX OKCUMAHbLIX KAaTa/iM3aTopoB
[0CTaTOYHO HU3KaA, U N3-3a 3TOro Tenno, NogaBaemoe Na3epHbIM NYHOM AaXKe NPU MOLLHOCTH
Bcero 50-100 MB (TMNWYHbLIA AMANa3oH 3HEpPrMin ANnA  Na3epoB, WCNONb3YEMbIX B
KP cnekTpockonuu), Touka NOBEPXHOCTM 06pa3L @ MOMKET HArpeTbCA Ha COTHM rpagycos. Ana
npeoaoNeHnA 3ToM NPobAeMbl MCNONBL3YIOT PA3/INYHble CNOCOObI:

1. OxnaxpaeHune obpasua (He Bcerga adPeKTUBHO U3-3a TOM XKe HU3KOM TeN1I0NPOBOLHOCTH).
2. BpaweHue nasepHoro nyya nam obpasua Ana T1oro, 4tobbl yBennumTb naowaab obayyeHuna mn
0aTb Bpemsa ANA paccemBaHUA Tenia OT HarpeTbiX y4acTKoB. Cxema TakMX yCTPOMCTB NOKa3aHa

Ha puc. 2.

Kopryc BakyyMHOIH KHEeTE

. YeTpoficTEO IA BPalle s
Kopmyc pakyyMHOI KHEe TR

Odpazer Jya y -
JlazepHbIii ay4 /
() =
Bpamatouptiica gepxcarerm
nna ofpasia
KOJUIeKTOpHAA JHMH3a
KOJUTEKTOPHAS JIHHEA
Cxema co epamentiem obpazia (Cxema co BpameHmeM JIy4a

Puc. 2. Cxemsl pecucmpayuu criekmpos KPC ¢ spaweHuem obpa3ua u ¢ spaweHuem
/7103epH0e20 ayya.
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BTopaa npobnema, cBaA3aHHas ¢ uamepeHnem KPC BbiICOKOANCNEPCHbIX KaTaIM3aToOPOB, 3TO
HaNOXeHMe Ha CNEeKTPp pacceAHMAa CnekTpa NtoMUHecLeHUMKU. NOBEepPXHOCTb KaTanm3aTopos, C
TOYKM 3PEHUA CTPYKTYpPbI, NpeacTaBaseT coboit aedeKT U COOTBETCTBEHHO HaAnumne aedeKkTos —
310 daKTop, cnocobcTByOWMI NosBneHUto adpdeKTa ntommHecLeHUUKU. MOCKONbKY OTHOLWEHUE
MHTEHCUMBHOCTM CNEKTPa NOMUHECLEHUUN K MHTEHCUMBHOCTM NaAalollero yda cocTaBaaeT
1:103, a ana apdeKta KOMBMHALMOHHOIO paccesHus 1:106, TO, Kak npasumno, cnektp KP

XOpOLLEero Kayecrtsa Ha poHe NIOMUHECLLEHL MM 3aperncTPMpoBaTh He yaaeTcs.

1.3. NMpumepsbl npakTUyeckoro ncnonb3dosaHua meroga KP

M3BECTHO, 4YTO C NOMOLLBIO annapaTypbl, perucTpupytowein obbiyHoe KP, MOXKHO
nccneoBaTthb rasbl, XUAKOCTM U TBepAable TeNa (Kak KpUCTaNnuyeckue, Tak U amopdHble) npu
yCNoBUKM NpaBuibHOro noabopa reomeTpuu paccesHus U Bblbopa uccnegyemoro obpasua.
MOXHO noay4yaTb MHOOPMALMIO O COCTOAHUWM PAa3NUYHbBIX NMOBEPXHOCTEM M HAHECEHHbIX Ha

noBepxHocTb das.

XapakmepucmuKka cmpyKmypbl KAMaau3amopos

MPMMEPOM  MOMKET  CAYKWUTb  MCCNeAOBaHWE  CTPYKTypbl  KaTanusatopa  V,0s/Al,0s,
NPUMEHAEMOro Ans MNapuMasbHOr0 OKUCAEHMA  Pas/INYHbIX  OPraHUYECKUX CoeaMHEHUMN.
Mpuemnembliii CNEKTP MOXKHO MOYYUTb TOIbKO MPWU COAEPXKAHUM OKCUAa BaHaamAa Bbiwe 20%.
Monocel npu 141, 191, 281, 406, 526, 695 n 993 cm oTHOCATCA K Konebanmam KPUCTaNNoB OKCMAa
BaHagMA U HabaAaloTCA NPU MOHOCNOMHOM MOKPbITUM OKCUAA atOMUHUA OKCUMAOM BaHaauA.
Monoca npun 1027 cm™ Bbina oTHeceHa K KoneBaHuam V=0 cBasw, HabnogaeTca TO/IbKO Mpu
KOHLIEHTpauMM oKcmaa BaHagua 6onee 5%. Mpu KoOHUEHTpauMM OKcupa BaHaguA Bblwe 10%

-1
HabnoaaeTca nonoca npu 860 cm ~, KoTopan bbina oTHeCeHa K MOCTUKOBbIM cBfAzam V-0O-Al [1].

KP cnekmpbi adcopbuposaHHbIX MoneKyn

MeTogom KP cneKkTpoCKONUU MOXKHO naeHTUdMUnposaTb 06pa3oBaHMe NOBEPXHOCTHbIX
KOMMNEKCOB NpU aAcopbLmMm pasnnyHbiX coeguHenmii. KP cnextpbl 20, agcopbuposaHHoro Ha
FeH/MFI, 6bian 3apernctpupoBaHbl Npu Temnepatypax 93 u 300K. Monoca npu 603 emt
oTHocuTCA K °0,”, nonocbl okono 1090 cm”t - k 205 NOBEPXHOCTHbIX MEPOKCUL0B W
cynepokcmnaos [2]. TakKe ecTb BO3MOXHOCTb OXapaKTepmn30oBaTb KUCOTHO-OCHOBHbIE CBOMCTBA
KaTanmsaTtopoB. Ha pucyHke 3 npeactasneHbl KP cnekTpbl aacopbupoBaHHOrO NMpuamHa Ha
ZrO,, PZrO,, ZrO,, PZrO,. Monocbl B obnactu 1035, 998 cm® oTHocaTca K BOAOPOAHO-

cBA3aHHOMY nupuamHy. [Monocbl B obnactm 1024, 1004 cm™ oTHocATCA K NMPUANHY,
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CBA3aHHOMY C BpeHCTeJ0BCKMM KUCIOTHbIM LeHTpom. lMonocbl B obnactm 1036, 1017 cmt
OTHOCATCA K MNUPUAMHY, CBA3AHHOMY C JIbIOMCOBCKMM  KMUCAOTHbIM  UeHTpom. [lo
NpeACcTaB/NEHHbIM CNEKTPaM MOMHO KaueCTBEHHO ONPeAENNUTb HAaINYMeE Pa3/INYHbIX KUCNOTHbIX
ueHTpos. OAHAKO KONMYECTBEHHOE COAEPMKAHME  KUC/NOTHbIX LEHTPOB OnNpeaenuTb
HeBO3MOXHO [3]. B HacTtoswee BpemA B ob6nactu uamepeHus KucaotHoctn meton KPC
CyL,ecTBeHHO npourpbiBaeT metoay MK-Pypbe cneKTpoCKonMM, Kak No KadyecTBy MNOJy4aeMoi
nHpopmaummn, Tak U No AOporoBnsHe obopyaoBaHuAa. OAHAKO, ecTb OTAe/ibHble 33[auu, rae
meton KPC oKasbiBaeTcA cyuwiecTBeHHO nonesHee, yem metoq UMKC. OpgHa w3 atmx 3agad
YKa3aHa Bbllle — 3TO uccnenoBaHue ¢dopmbl agcopbumMm KMCAopoaa Ha OKCUMAHbBIX CUCTEMaAX,
NMOCKONbKY 06/1acTb NOrNOWEHUA MOAEeKyNsapHbIXx ¢opm Kucnopoga ana metoga WKC
HeAocTynHa Ha ¢oHe cobcTBeHHbIX KonebaHun MeO rpynn. Opyraa 3agada, rae meton KPC
HE3aMEHUM — 3TO WCCAEe[0BaHME CTPYKTYPbl KOOPAMHAUMOHHOIO OKPYXKEHUA KAaTUMOHOB
nepexoaHblX MeTa/l/IOB, BHEAPEHHbIX B OKCUAHYIO peweTKy. M3BeCcTHO, 4TO €ec/M 4acToTa
M3/ly4eHMa nasepa CoBMajaeT C 4YacTOTOM COOCTBEHHOrO 3/IEKTPOHHOro nepexoga KaTMOHa
nepexoaHoro meTanna, To HabnogaeTca peskoe yBEAMYEHME MHTEHCUMBHOCTU PACCEAHHOrO
n3nyyeHua. YcuneHme MHTEHCUBHOCTU OOYC/IOBNEHO TEM, YTO MMEET MEeCTO BO3byXKaeHue
pa3peLleHHOro 31EKTPOHHOIO Nepexoaa, B TaKOM COCTOSSHUM KaTUOH MOMKET CYLLECTBOBATb HE
Gonee 10 c. [lanee, 3HEpPrMa MOMNOLWEHHOMO KBaHTa M37y4aeTcA B MNPOU3BOALHOM
HanNpPaB/IEHUMU, T.e. UMEEeT MeCTO paccesHue. MNpn 3TOM cucTeMa BO3BPALLAETCA KaK B UCXOAHOE
COCTOSIHME MO 3Heprnu, Tak M B KosebaTenbHO-BO3OYKAEHHble cocToaHus. [pu aTom B
cnektpax KP nossnatoTca nosocbl, 06ycNOBAEHHble HEMOCPeACTBEHHO KoebaHuAMMK
dparmeHToB MeO K13 KOOPAMHALMOHHOIO OKPYMKEHMA KaTMOHA, TaK KaK, B OTAM4YMe OT

NHOMUHECLEHLLUN, SHEPTUA NOINOLWEHHOIo KBaHTa HE yCneBaeT pacnpeaennTbCa Nno KpUctannay.

PYIPZrOE

= —1035

Puc. 3. KP cnekmpbi adcopbuposaHHO20 nupuouHa
HA YUPKOHUEBbLIX Kamasau3amopax.

| lP}'I,{Zr'Q‘Z 1 1
1040 1020 1000
-1
Av, cm
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Cnucok aumepamypel K pa3deny 1.3

1. M.V. Marti'nez-Huerta, X. Gao, H. Tian, I.E. Wachs, J.L.G. Fierro, M.A. Banares, Oxidative
dehydrogenation of ethane to ethylene over alumina-supported vanadium oxide catalysts:
Relationship between molecular structures and chemical reactivity, Catalysis Today 118 (2006)
279-287.

2. P.C. Stair, The application of UV Raman spectroscopy for the characterization of catalysts and
catalytic reactions, Adv. Catal. 51 (2007) 75-98.

3. Ahmed A.M. Ali, Mohamed |. Zaki, Fourier-transform laser Raman spectroscopy of adsorbed
pyridine and nature of acid sites on calcined phosphate/Zr(OH),, Colloids and Surfaces A:

Physicochemical and Engineering Aspects 139 (1998) 81-8.
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2. CneKTpbl NornoweHna B ynbTpadronetosom u BUAUMOM
AnanasoHax (YP-Bug cnektpockonus)

2.1. Npupoga Y®-Bupg cnektpos (0bwme nonoxxeHun)

Cnektpockonua B Y® u BMAMMOM AManasoHax sfiBUNACb OAHMM W3 OCHOBAHMI CO3A4aHMA
COBPEMEHHOM KBaHTOBOM Teopun. PerncTpaumsa MHENYaTbIX CNEKTPOB U31yYEHMA U NOMNOLWEHMA
MapoB MeTannoB dano 6asy Ana NpeanoNoXKeHWsA, YTO Mepexodbl Mexay SHepreTUYecKMmu
YPOBHAMW 3NEKTPOHOB B aTOMax KBaHTyHOTCA. B HacToswee Bpema MPUHATO cheaytoulee

PaCcCMOTPEHME CTPYKTYPbl SHEPreTUYECKMX YPOBHEW B aTOMax 1 mosiekynax (Puc. 4).

hv 1-31eKTPOHHBbIE Mepexo/bl
2-koqebaTebHbIE TIEPEXOAbI

3—Bpa].uaTe.]'lI:-HI:-le Nnepexo/abl

Puc. 4. Cmpykmypa sHepaemu4ecKux cocmoaHul MosneKyn.

B cooTBETCTBMM C COBPEMEHHBIMU NPEACTABAEHUAMU IHEPreTUYecKne COoCTOAHMUA
BELL,EeCTBa NPeACTaBAAOT HECKO/IbKMMM TUMAMM SHEPTETUYECKUX YPOBHEN:
1 — 3N1eKTPOHHBIMW YPOBHAMU (MMEIOLMMM MecTo BbiTb U A8 MONEKYN, U ANA OTAENbHbIX
aTOMOB), COOTBETCTBYIOLLMMMU ISHEPrMM aATOMA WAM  MONEKY/bl, B KOTOPbIX 3/1IEKTPOH
(B OQHO/IEKTPOHHOM  NPEeACTaBAEHMM) HaAXOAMTCA HA  ONpeAeneHHOM aTOMHOM  uau
MOIeKyNsipHON opbuTanu.
2 —KonebateNbHbIMM  YPOBHAMM  (TONBKO A8 MONEKYN uanm  ux  parmeHToB),
COOTBETCTBYIOLLMMM Pa3HOMYy KosiebaTeslbHOMY BO3DOYKAEHUIO MONEKY/N B TBEPAbIX Tenax, B
rasax v *XMAKOCTSAX.
3 — BpawaTesbHbIMX  YPOBHAMM  (TaKKe TO/NbKO AN MONEKyn W ux dparmeHToB),

COOTBETCTBYOLLME PAa3HOMY BpaLLEHMIO CBODOAHbBIX MONEKYA B rase.
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Echn aTom HaxoguTca B BO3OYXKAEHHOM COCTOAHMM (Hanpumep, CUIbHO HarpeTble napbl
MeTafIoB  MAW  NAa3ma), TO BO3BPaALLEHME aTOMa B OCHOBHOE COCTOSiHME O0OblYHO
COMPOBOXKAAETCA WMCMNYCKAaHMEM KBAHTOB CBeTa, 4YTO ABASETCA NPUYMHOM HabawaeHus
JIMHEMNYaTbIX CNEeKTpoB usnyyeHma. Haobopot, 061y4yeHne NapoB MeTaNNoB BUAMMbIM CBETOM
NPUBOAMUT K MOABNEHUIO Y3KMX CNEKTPaNbHbIXx 06nacTein, B KOTOPbIX CBET nornowgaetca. MNpu
3TOM A/IMHA BOMIHbI NONOCHI U3/Ty4EHMNA COBNAZAET C A/IMHOM BOIHbI NOTAOLWEHMA. [Jna MoneKkyn
BO3MOXHO HabnloaeHWe nornoweHua B BUAMMOM M ynbTpadMONeTOBOM AMANa3oHAX WM
nsnyvyeHue B UK guanasoHe.

B cooTBeTcTBME C 3TOW CXEMOM SAICHO BWAHO, YTO MO 3HEPruu Bbille BCEro HaxoaATcA
nepexoapbl, COOTBETCTBYIOLLME INEKTPOHHBIM YPOBHAM (TUNMYHLIN AManasoH sHeprui 1-7 3B),
Aanee cneaytoT KonebatenbHble nepexoabl (0,5-0,01 3B) n BpawaTenbHble nepexoabl (MeHee
0,01 3B). Mo 3Tol KnaccudMKauMM CNEKTpbl norioweHua B YO M BUAMMOM AManasoHax B
nnTepatype Mmenn HasBaHMe INEKTPOHHbIX CNEKTPOB noraoweHua. llo3gHee, ¢ noaBneHnem
meToga P®PIC (peHTreHOBCKas (OTOINEKTPOHHAA CMEKTPOCKOMMA), B KOTOPOM TaKXkKe
HabnopalTCcA ABNEHMA, CBA3AHHbIE C NEepPexoaamu 3NeKTPOHOB C Pa3/INYHbIX 3NEKTPOHHbIX
YPOBHEN, TEPMUH INIEKTPOHHAA CNEeKTPOCKONUA ANA ABJEHWNA NOTrNOLWEHNA CBETA B BUAUMOM U
Y® gmManasoHax nepectan UCNo/sb3oBaTbCA.

na cnekTpockonmun nsny4yeHMa BONPOC MHTEHCMBHOCTU NOAOC ABAAETCA BTOPOCTEMEHHbIM,
TaK KaK MHTEHCUBHOCTb O4HO3HAYHO ONpPeaenaAeTca KOAMYeCTBOM MOJIEKYN, MOHOB MM aTOMOB
B BO3OY)XAEHHOM COCTOAHMM. B cneKkTpockonuu nornoweHua ana HabawogeHua chnektpa
HeA0CTaToO4HO Toro, YTobbl aHeprnsa ¢GOTOHa COOTBETCTBOBA/A SHEPIUM NEPEXOAA 3/IEKTPOHA C
OAHOrO YPOBHA HA Apyron. [ns pasHbiX NepexonoB WMMeeTcA pas/nyHas BepPOATHOCTb
NOrNOWeHMA, OMUCbiIBaeMaa B TEPMWHAX WHTEHCMBHOCTEM nonoc noraoweHusa. bonee
nogpo6bHo 3TOT BONPOC M3NaraeTca aanee.

Kak ynomsaHyTo Bblwe, ana Y®-Bug cnekTpockonum MOHOB (aTOMOB) M MOMIEKYN UMEIOTCS
CYLWLECTBEHHbIE PA3AMYMA, CBA3AHHbLIE C TEeM, YTO B MEPBOM Cjydyae NPOUCXOZAT nepexoapl
3NEeKTPOHOB MeXAy aTOMHbIMM OpbuTansamm, a BO BTOPOM CAyvae — MeXKAy MONEKYNAPHbIMK
opbutanamu. Noatomy, onncaHne NPUPoAabl NPOUCXOXKAEHUA CMEKTPOB ANA MOAEKY/ U MOHOB
NPOBOAMUTCA B PaMKaX Pa3/IMYHbIX TEOPUW, MPEeACTABAEHHbIX HUXKEe ABYMA He3aBMCMMbIMU

pasaenamm.
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2.2. YcTpOoiACTBO M NPUHUUNDbI PaboTbl cneKTpomeTpoB B YO U sugumoit

obnactu cneKkrpa

MPUHUMNNANBHO YCTPOMCTBO cnekTpomeTpoB ansa Y®-Buag ananasoHa He M3MEHMNOCH 3a
nocnegHve cronetus. JItoboi CNeKTPOMETP MMEET UCTOYHUK U3/1YyYeHMs, MOHOXPOMATOp W
NPUEMHUK U3YYEeHUS C CUCTEMOM pernctpaumu. B Kayectse aniemeHTa, pa3naralowero ceeT B
CMEKTP, WCMONb3YIOTCA KBapueBble MNpu3Mbl MAM AUdpPaKUMOHHbIE pelweTkn. B coctas
MOHOXPOMATOpa BXOAAT AWUCNEPTMPYIOWUIA INEMEHT W [Be LWeNu, BXOAHAA WM BbIXOAHaA.
BxoaHaa wenb cnykut ana GopMMPOBAHUA CMEKTPa, MOCKOJIbKY LUMPOKMIA NYyYoK CBETa Mpwu
nonagaHuWM Ha MpPU3My He AaeT crnekTpa. MCTOYHMKaMM M3NyYeHUs ONa CNeKTPOMETPOB B
HacToAWee BPEMSA CAyXKaT rasoreHHble namnbl (4N8 BUAMMOro AManasoHa) U rasopaspsgHbie
namnbl (Yawe Bcero aeitepuesble) ans YP-ananasoHa. MICTOUYHMKKM CBETa MepeKkntoyaloTca B
3aBMCMMOCTM OT 06/1acTU  pa3BepTKU cnekTpa. [IpMeMHMKamMM  M3NyYeHUus  CayKaT
GOTOYMHOMKUTENIN, KOTOPbIE XAPaKTEPU3YIOTCA JIMHEMHOW 3aBUCUMMOCTbO (HOTOTOKa OT
CBETOBOrO MOTOKa B Auana3oHe A0 6 nopsagakos. [pumepHoe YCTPOWMCTBO OAHOJYYEBbIX

CMEeKTPOMETPOB NOKa3aHo Ha puc. 5.

7
9
5
3 6
4
la s 10
/7
° ]
be |
h
3
Puc. 5. Yempolicmeo o0Hony4yeso20 Y®-Bud cnekmpomempa.
1. ICTOYHMKKM wu3nyyeHua: la — ranoreHoBasa fnamna, 2b — rasopaspsagHas Aentepuesas namna;

2.BxoaHaa wenb; 3.BbixoaHaa uwenb; 4. AncnepcMoHHaa cuctema (aMdpaKkumoHHas pelieTka uau
KBapueBas npusma); 5. Kopnyc moHoxpomatopa; 6.06paseu; 7. dPoToymHOKUTeNb; 8. [Buratenb
pa3BepTKM cnekTpa (BpalleHue npusmbl UAK AMdpaKUMOHHON pelleTkn); 9. CucTema ynpasaeHus
CNEKTPOMETPOM U U3MepPeHUs MHTeHcUBHOCTK; 10. PerncTpaTop cnekTpa (B HacToswee spems IBM).
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Puc. 6. Cxema 08yxny4yegoeo Y®-Bud cnekmpomempa.

1. UCTOYHMKM un3nydeHuna: la — ranoreHosas namna, lb — rasopaspagHaa peiltepueBas namna;
2. BxogHana wenb; 3. BbixogHaa wenb; 4. AucnepcMoHHana cuctema (aMdpakuMoHHAa peweTka Wau
KBapuesas npusma); 5. Kopnyc MoHoxpomaTopa; 6.06pasey; 7. PoToymHoKuTeNb; 8. [Buratenb
pa3BepTKM CheKkTpa (BpalwieHue npusmbl uan AMdpPaKUMOHHON pelweTku); 9. CucTema ynpasBaeHUn
CNEKTPOMETPOM U U3MePEHUA UHTeHcMBHOCTKM; 10. Pernctpatop cnektpa (B HacTosAwee Bpemsa IBM);
11a, 11b. Bpawatowmecs ceKTopHble 3epKana; 12. 3epKana aasa U3MEHEHMA HanpaBaeHUs ayye.

[ByxnyyeBble CNEKTPOMETPbI OT OAHONYYEBbIX OT/IMYAKOTCA HANMYMEM BPALLAOLLUXCA
CEeKTOpPHbIX 3epkan (1la u 116), KOTOpble MOHOXPOMATU3MPOBAHHbLIA Ay4 NOMNepeMeHHO
NoCbINAOT Yepe3s M3mMepAemMblit obpasel, M Yepes 3TaNOH (Nyd cpaBHeHus). [MOCKONbKY
M3MepeHMe O/ MHbl  BOJIHbI  MOHOXPOMATM3MPOBAHHOTO CBETA B HacToAlee Bpems
OCYLLECTBAAETCA C NOMOLLbIO LIATOBbIX ABUraTenei, TO MHTEHCMBHOCTb CBeTa MpolweaLero
yepe3 obpasel, M yepe3 3TaNOH M3MePAETCA CTPOr0 Ha OAHOM A/NWHe BOAHbI. B cTapbix
CNeKTpPOMeTpax pa3BepTKa CMeKkTpa BefaCb HEenpepbiBHO UM, MNO3TOMY ABYX/y4YeBble
CNeKkTpoMeTpbl Bcerga bblin MmeHee TOYHbIMM NO CPAaBHEHUIO C 04HONY4YeBbIMU. [T03TOMY YacTo
OZHONyYEBbIE CMEKTPOMETPbl Ha3blBalOT crnekTpodoTomeTpammn (nNpmubop onpesenstowmni
MHTEHCUMBHOCTb MOINOWEHMA HA 3a4aHHOM ANIMHE BOJIHbI), @ ABYX/ly4eBble — CNEKTPOMETPAMM
(npubop, mMsamepsaOWMN ToNbKO cnekTp). CpegHee Bpems M3MEPEHUSA OJHOrO CMNeKTpa Ha

[BYX/ly4YEBbIX CNEKTPOMETPAX COCTaBNAET 1-5 MUHYT.
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B nosanpowsiom CcToNeTUW, Koraa He 6blNo pa3BUTOM 3N1EKTPOTEXHUKM, 33 MPU3MOM
MOHOXPOMaTopa pacnosaranv GoTonnacTUHbI, KOTOPble PErncTpMpPoBanM CnekTp, a obpasubl
nomellann nepes BXOAHOW LEeNbl0 MOHOXpomaTopa. B HacTosAuwee Bpema 4vactb YO-Bupg,
CNEKTPOMETPOB U3roTOBAAIOT C UCMOb30BaHMEM POTOMETPUYECKUX IMHEEK. CyTb paboTbl 3TUX
CNEKTPOMETPOB COCTOUT B TOM, YTO BMECTO NMPUEMHMKA U3/y4eHUs, KOTOPbI HaxoAWUTCA 3a
BbIXOAHOW LLEeNbio MOHOXpomaTtopa (puc. 7, nosuyma 7), BHYyTPb MOHOXPOMaTopa MoMeLaoT
MaTpuLLy NOYNPOBOAHMKOBbLIX 3/1EMEHTOB, Ha KOTOPYHO HaNpPaBASAETCA Pa3/I0MKEHHbIN B CNEKTP
Nyyd. 3Ta MaTpumLa UCNoNb3yeTcs BMecTo GpOTONNACTMHbI, KaK Bbl/10 Ha CTapUHHbLIX Npubopax. Mo
CYTU, 3TO CbeMKa CneKkTpa undpposoit poTokamepoi. Ha CbeMKy eAUHUYHOIO CNeKTpa yxoamuT

Bpema nopagka 0.1-20 ceKk. Cxema TaKOro cnekTpomeTpa NokasaHa Ha puc. 7.

Puc. 7. Cxema Y®-Buo cnekmpomempa Ha baze pomomempuyeckoli nuHeliku (mampuysi).

1. OcBetTuTenbHbli 6710K: la — ranoreHoBasa namna, 1lb — rasopaspsgHasa peiTepueBas namna;
2. BoixogHott cBetoBoa; 3. M3mepuTtenbHas s4venka; 4.BxoaHoli cBeTtoBog, 5.BxogHas wenb
MOHOXpomaTopa; 6.[ucnepcuoHHas cuctema (gMdpaKUMOHHAA pelleTka WM KBapuesasa npusma);
7. DotomeTpuueckaa nuMHenKka (maTpuua); 8. Kopnyc MoHoxpomaTopa; 9.3BM ana ynpasneHus
U3MepeHnem U perncTpaLmm cnekTpa.

OueBMAHO, 4YTO TaKaa cCxema cyweCtBeHHO bonee npocTtad, nNno CpaBHEHUIO C
TPaANUNOHHbIMK OAOHO- U ABYX/Yy4EBbIMU CNEKTPOMETPAMU, N MO3TOMY 3TU CNEKTPOMETPLI
Aewesbl U UMMEKT MNepcnekTusy AOnA WUCNOJ/Ib30BaAaHUA B KaydecCcTBe daHa/IM3aToOpOB [ra308s,

PacTBOPOB M TBEPAbIX TN (CM. HUKe).
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2.3. Mpupopa YP-Bua cneKtpos nepexonHblX 3/16MEHTOB

JNEeKTPOHHAs CMEeKTPOCKONWSA Ha MPOMyCKaHMe U OTpPaKeHWne HEeOopPraHUYeckux W
METa/INIOPraHNYEeCKMX COeAMHEHUN LWUPOKO WCMONb3YeTCA AN PEeLeHMA pasHbiX 3ajay
HEeOpPraHMYecKolM U aHaNUTUYECKON XMmun [1, 2]. XopoLwo U3BECTHO, YTO MHOTME AOCTUMKEHUS
bYHOAMEHTAIbHOM HEeopraHMYeckom XMMMKM M 0ocobeHHO pe3ynbTaTbl B 06/1acTM XMMUK
KOOPAMHALMOHHbIX COeAMHEHUI Oblnn Gbl HEBO3MOXHbI 6€3 pa3BUTUS PU3NKM INEKTPOHHOM
CNEeKTPOCKONMM KaTUOHOB MeTa/ZIoB NepexoAHON rpynnbl B PasinYHbIX cMcTemax. HesicHO, Kak
pa3BMBanacb Obl KBAHTOBAA J/IEKTPOHMKA 6e3 Wu3yyeHMA pacllenneHusa, Hanpumep,
d-op6utaneit KatMoHos Cr’* usomopdHO 3amelarowmx KatvoHel AlP* B moHOKpucTanne
KopyHAa (o-Al,03) [3] NO 3/1EKTPOHHbBIM CMEeKTpam noraoueHus [2].

Teopusa kpuctanamndeckoro nona (TKM) [4, 5] v Teopua nona auraHgos (TMNJ1) asnaoTcs B
HacToAwee Bpema [OCTaTOYHO MNOMHBIMM  ANA  ONUCAHWA  3NEKTPOHHOINO  CTPOEHMA
KOOPANHAUMOHHbIX COeANHEHUI NepexoaHblx meTannos [2]. ABnAsacb, No cyTn Aena, MetTogom
MOJIEKYNAPHbIX OpbuTanei, NPUMEHEHHbIM K KOOPAMHALMOHHbIM cuctemam, TIJ1 BKAtoyaeT
BCE Hambonee UEHHOE, 4YTO [OOCTUTHYTO Teopuer Ba/JIeHTHbIX CBfA3e U Teopuen
Kpuctannmyeckoro nons [6, 7). OHa onpepgenseT, Kakne opbutanmM meTanna y4yacTBylT B
obpas3oBaHMK cBA3elM C AMraHgamm, ob6bACHAET reOMeTPUI0 KOMMJIEKCa, AAeT 0bLLy0 KapTUHY
pacLLensieHma TePMOB KaTUOHOB NepPexoaHbIX METa/IOB B KPUCTAN/IMYECKMX MONSAX PA3/TIUYHOM
CUMMETPUU, YUCAO U CUMMETPUIO COCTOAHWUM, WX OTHOCUTENbHbIE 3HEPTUWU, CMUHOBYHO
MYNbTUNAETHOCTb; YUYMTbIBAET AETA/IbHYIO 3/IEKTPOHHYIO CTPYKTYPY HEe TO/IbKO LEeHTPasbHOro
KaTMOHA, HO W NNraHA0B, a TaKKe KOBA/NIEHTHbIN XapaKTep MX CBA3eil B Komnaekcax. Moatomy
TNJ1 Hanbonee NONHO O6BACHAET NPOUCXOMKAEHNE INEKTPOHHbIX NEPEXOA0B, OTBETCTBEHHbIX 3a
NONOCbI NOTr/OWeHMA B BAMMXKHENH MHPpPaKpAacHOW, BUAMMOM U yabTpadumoneToBon obnacrtax

CNEKTPOB KOMNJIEKCOB NepexogHbIX METANNOB.

d-d-Nepexoabl KATUOHOB NEepPeXoAHbIX METaNNI0B
LUMpOKMe PasnanvYnAa MarHUTHbIX U CNEKTPaJ/ibHbIX XapPaKTEPUCTUK XUMUYECKUX COG,CI,VIHGHM[;I
CBA3aHbl CO CHATMEM BbIPOXKAEHUA SHEPreTUYEeCKMX YPOBHEN d-3NEeKTPOHOB LEHTPasbHOro
KaTUOHa MmeTasia B KPUCTANI/IUYECKUX NONAX TNraHO 0B pa3nw4HoV1 CUMMETPUN NO CPpaBHEHUIO
co cBobogHbIMM aTOMamM. ITO TaKXKe onpegenser OAHY M3 T[NABHbIX XapPaKTEPUCTUK
HeopraHMYecKnx coeauHeHnit — wux uBeT. CneKktpbl d-d-nepexofoB 0b6ycNOBAEHDI
INNIEKTPOHHbIMU Nepexogamn mexagy COCToAHUAMU, npoucxogawmmm oOT OAHOVI U TOU Ke

d"-3N1eKTPOHHOM KOHPUIypauumM LEHTPasbHOro KaTMoHa MeTanna Komnsiekca. CrnekTpbl
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NOrNOLWEHNA HECYT OCHOBHYIO MHOOPMALMIO O CUAE U CUMMETPUM KPUCTANINYECKOTO Mo, UX
npoucxoxaeHune xopowo obbacHaetrca TKM wn TNA [4, 5]. d-d-lMepexoabl 3anpeuieHbl No
yeTHoCTM (NpaBuno JlanopTa), a HEKOTOPblE MHTEPKOMOMHALMOHHbIE Nepexoabl — U NO CrKHY.
MosToMy COOTBETCTBYHOLWME WM  NOAOCbI  MNOFOWEHUA B  3NEKTPOHHbIX  CMNEKTpax
XapaKTepPU3YyTCA OTHOCUTE/IbHO HU3KUMKM  MOAAPHLIMU  KOIDODULMEHTAMN  IKCTUHKLMU
(¢ = 10*-10% n-monb “em ) [2].

OcCHOBbI TeOpUM KpuCTanauveckoro nona b6binn paspaboTaHbl B Knaccuyeckon pabote
Hobenesckoro naypeata laHca Béte B 1929 roay. B ero o63ope «PacuienneHve Tepmos B
Kpuctanne» [8] 6bin npeactaBneH pacyeT U3MEHEHUIN IHEPrUU CMEKTPOCKOMUYECKMX TEPMOB
KaTMOHOB METaNN0B NOA BAUAHNEM BHELIHUX KPUCTANINYECKUX NONEN Pa3IMYHON CUMMETPUMN.
3agava b6blna pelleHa ¢ NOMOLLbIO TEOPUM TPYNN C Y4ETOM TEPMOB OCHOBHOIO COCTOAHUA ANA
KaX4oro KaTmoHa.

MpU HanMYUM HECKONbKUX 3NEeKTPOHOB B aTOMe KapTMHA 3/1EKTPOHHOro CTPOEeHUA
CYLLECTBEHHO YCNOXKHAeTcA [7]. B OAHO3NEKTPOHHOM MPUBANMKEHUN MHOFO3NEKTPOHHbIE
bYHKLMKM COCTABNAIOTCA U3 OA4HO3/EKTPOHHbIX NO ONpeseneHHbIM NpaBuaam, KOTopble 3aBUCAT
OT CMWH-OPOUTANbHOIrO B3aMMOAENCTBUSA U MENKINEKTPOHHOIO OTTA/IKMBAHMA. DNEKTPOHbI
pacnpefenalTca No O4HOINEKTPOHHbLIM COCTOAHMAM C KBAHTOBbIMM yncnamu n, I, m, mg ¢
y4yeTom npuHumna Mayamn, 4To onpeaenseT 3NeKTPOHHY KoHburypaumiwo cBoboaHOro atoma
WA KaTMOHA. Y4eT B3aMMOLEWNCTBMA MEXAY 3/NEKTPOHAMM OOHOM U TOW Ke 3INEeKTPOHHOM
KOHUIypaLumm MOXKeT NPpUBOAMTb B 0OLLEM Cy4ae K HECKO/IbKUM COCTOAHUAM, CYLLECTBEHHO
pasnuyalowmMmca mexay coboit 3sHeprMeld U CIMHOM, Hanpumep, K CyLW,EecTBOBAaHUIO
BbICOKOCMMHOBBIX M HU3KOCMUHOBbIX COCTOAHMUIA KAaTUOHOB B KOMMJIEKCHbIX COEAMHEHUSAX, YTO
O4YeHb HarnAgHoO OTpaXKeHo B AMarpammax TaHabe — CyraHo [1, 2, 5, 7].

[Ons onpepeneHna pasnAnYHbIX COCTOAHUA HEOOXOAMMO YYUTbIBAaTb COOTHOLLEHUE MENKAY
CUNION KPUCTANINYECKOTO NOAA, CINH-0POUTANbHBIM U MEXK3NEKTPOHHbIM B3aUMOAENCTBUAMM.
Ona He o4yeHb TAMKeNbIX aTOMOB (MpumepHO A0 cepeauHbl Tabauubl O.U. MeHaeneesa [9])
CNUH-0P6UTaNbHOE B3aMMOAENCTBUE He 6ObLIE BENMUYMHBI NOPAAKA ThICAY CM , TaK YTO OHO
3HaUYUTE/IbHO CNabee MeXINEKTPOHHOTO (BEAMUYMHDBI NOPAAKA HECKObKUX TbiCAY CM ). B 3TOM
cnyyae peanusyeTca, Tak HasblBaemas, cBa3b Paccena — CayHaepca (L-S-ceasb) [7], ana KoTopoi
opbuTanbHble MOMEHTbl KONMYECTBa ABUMKEHUA OTAE/NbHbIX 3/1EKTPOHOB /; CKNaAbiBalOTCA B
NONHbIA OPbUTANbHbIA MOMEHT aToma L, a CNMHOBbIE MOMEHTbI S; — B MOJIHbIA CMNHOBbIN

MOMEHT S N COCTOAHMA aTOMa ONUCHLIBALOTCA O6LLI,MN\ MOMeHTOM J=L+S.
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B atom C/ly4dae BOJIHOBbIE d)yHKLI,MM aTOMa ABNAKOTCA pEWEHNAMN YPaBHEHUA

LY, =L ¥,

7

roe cobctBeHHaa ¢yHKuma VW, coaeput B cebe BClO MHOOPMALMIO O CBOMCTBAX CUCTEMbI B
cocTtoaHumn ¢ L = L,; ana onepatopos L2, L, Sz, S; N onpenenanTca KBAHTOBLIMM YMCAAMMU:

L — nonHoro opbuTasnbHOro MOMEHTa;

M, = >m;— npoeKLunn NOAHOro MOMeHTa L,, NnpuHMUMatoLlero 2L+1 sHauennn L, L-1, ..., 0, -1, ..., -L;

S — NO/IHOro CNMHOBOTO MOMEHTA;

Ms = Ym; — npoeKkuuns CIMHOBOIro MOMEHTA S, NpMHUMatoLero 25+1 3HayeHunin S, S-1, ..., -S.

COBOKYMHOCTb COCTOAHMIA C OAHUMM U TEMU XKe 3HaYeHMAMM L 1 S (Ho pasHbimu M, n Ms— Bcero
(2L+1)-(25+1) cocTosHMiM) Ha3biBaeTCA aTOMHbIM TepMOM. TepMmbl co 3HaveHnem L =0, 1, 2,3,4,5 ...
obo3HavatoT S, P, D, F, G, H ... C yKa3aHWeM BBepXy C/NeBa KO/IMYeCTBa CMUHOBbLIX MOAYPOBHEMN,
paBHOro 25+1 (My/bTUNIETHOCTb MO cnuHY). Tak, Tepm ¢ L=1 n S=1 ob6o3HauaeTca Kak *p.

M3-3a pa3nmunii 3apaaoBbix pacnpeseneHnii B 04HO3NEKTPOHHbIX COCTOAHUAX U B3aUMHOM
OpPMEHTaLMM CMUHOB 3/IEKTPOCTAaTUUYECKOE OTTaj/IKMBaHME U obOMeHHas nomnpaBKa Ans
3/IEKTPOHOB B Pa3/IMYHbIX TEPMAX OKa3blBAKOTCA Pa3HbIMKU, YTO OnpeaensaeT CylleCTBeHHble
pasinyns B aHepruax Tepmos. MNocnesHne moryT 6biTb BbIYMCAEHbI U CBOAATCA K MHTErpanam,
KOTOpble MONYy4YMnM Ha3BaHWe napameTpoB Cnatepa—KoHgoHa [5]. Mpu paccmoTpeHum
3HEepPreTMYEeCcKoN amarpammbl KaTUOHOB C 3NEKTPOHHOW KoHburypaumein d” Heobxoamm yuet
KaK BAMAHMA NOAS JINFAHAOB, TaK M MEMKI/JIEKTPOHHOro B3ammoaenctema. [locnegHee
XapaKTepusyeTtca Tpema napametpamu A, B u C (napametpbl Paka). NapameTtp A onpepensaer
CPEeAHIO SHEPrUIo0 OTTA/IKUBAHUA MEXKAY 3NEeKTPOHaMM, OHa aHaNOrM4yHa CpefHel 3Heprum
B3aMMOAENCTBUA 3/IEKTPOHOB CO CHEPUYECKM-CUMMETPUYHOM YacTblo Nonsa nuraHaos (Eop), u
BbI3bIBAaE€T OAMHAKOBbIN CABUT BCeX TepmoB [5]. CMmelleHnem Havyana OTCYETa SHEPrUM 3TU [Ba
napametpa (Ep n A) moryT 6biTb MCKAKOYEHbl U3 PACCMOTPEHUA. JHepreTUyeckas PasHOCTb
TEPMOB C OZIMHAKOBOW CMMHOBOM MY/IbTUMJIETHOCTBLIO ONpeaenseTca Be/JIMYMHON napameTpa B,
a JHepreTMyecKas PasHOCTb TEPMOB C Pas3/IMYHON CMMHOBOM MY/NbTUMIETHOCTbIO — ABYMSA
napameTtpamu B u C [5]. M3BecTHOEe A1a KaTMOHOB MepPexofHbIX MeTanNoB OTHowWweHue y= C/B
NO3BO/ISIET MPU XapaKTEPUCTUKE OTHOCUTENbHOIO MOIOXEHMA YPOBHEN ONEpPMPOBaTb TONbKO
oAHMM napameTpom B. MMapameTp Pakd B TaKKe OTpa*kaeT CTeneHb MEX3JIEKTPOHHOro
B3aMMOAENCTBUNA MeXAy KaTuoHamu [7].

Teopus KpMcTananyeckoro nonsa [8] npnbanKeHHO paccMaTPUBAET KaTMOHbI B KpUCTannax
AN B KOMMJIEKCAX KaK YCTOMYMBYHO MHOTOATOMHYIO CUCTEMY, B KOTOPOW BAUAHWE NIMFAaHA0B Ha

LI,eHTpa}'IbeIﬁ KaTUOH ABNAETCA YNCTO 3/IEKTPOCTATUYECKUM. Harﬂﬂﬂ,HO TaKylO CUCTeMY MOXKHO
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npeacTaBuTb M3  LLEHTPA/NIbHOrO MONOXMUTENBHOIO KAaTMOHA, OKPYXEHHOro TOoYeYHbIMMU
aHMOHaMWN WAM AMMNOASMU C OTPULATENIbHbIM 3apPSA0M M HEMNOABMMKHO 3aKpensieHHbIMU B
HEKOTOpPbIX onpeaeneHHbIX ToYKax. B Tako moaenu ocHoBHoM 3dpdeKT cTabunmsaumm Tako
cUCTeMbl 06YCNOBEH NOHUMKEHUEM SHEPTUMN CUCTEMBI 33 CYET KYJIOHOBCKOrO B3aMMoAenCcTBuA.
AHaNN3 COCTOAHMA KaTMOHA NPU TAaKOM KOMMNIEKCO06pa3oBaHNM NO3BOAAET 06BACHUTL MHOTME
OUBNKO-XMMUYECKME CBOMCTBA KOMMNNEKCOB.

CTpyKTypbl BCe€X MoJieKyn o06nagatoT CBOMCTBAMW CUMMMETPUM, MNO3TOMY MOHATUE
CUMMETPUM OYEHb BaA)KHO ANA KATMOHOB BO BCEX HEOPraHUYeCKUX cuctemax u
meTannopraHnyecknx coeauHeHuax [10]. 3Has cBOWMCTBA CUMMETPUM BOJIHOBbIX GYHKLNIA
Pa3NIMYHbBIX 3/IEKTPOHHbIX COCTOAHUIMA KAaTMOHOB M CMMMETPUIO NOANA NIMFAHAOB, MOXKHO, He
npuberaa K NpAMbIM pacyeTam, OnpeaenvTb NOCNef0BaTe/IbHOCTb YPOBHEW W OLEHUTb
BO3MOXHOCTb, Hanpumep, d-d-nepexonoB M3 OA4HOMO COCTOAHMA B APYroe WU MOAYYUTb TEM
CamMbiM NpeACTaB/eHNE O XapaKTepe CMEeKTPOB KPUCTANNOB WAWM MOJIEKYN, COAEPIKALLUX
d-KaTnoHbI. o 3TMM CBOMCTBAM MOXHO CyAWTb Takxe 06 ycnosuAx (NpocCTpaHCTBEHHOWM
OpMeHTauun, Tune BO3OYKAEHUA), B KOTOPbIX BO3MOXHbI UM HEBO3MOXHbI Peakunm mexay
OTAENbHbIMW MONEKYTAMM.

MpUHaANEXKHOCTb BOIHOBbLIX QYHKUMIA COCTOAHUIA C AAaHHOW 3HEpruen (3HepreTU4eckoro
Tepma) K 6asncy HEKOTOPOro HENPUBOAMMOrO NpeAcTaBAeHUA NO3BOAAET KaaccudmunposaTb
BCE 3HepreTMyeckMe Tepmbl MOJIEKYNbl MO HEMNPWUBOAMMbIM MNPeACTaBNeHMAM ee Tpynnbl
cummeTtpum [10], KarKAOMYy 3HepreTM4ecKomy Tepmy MOJNEKY/bl COOTBETCTBYeT OAHO W3
nocneaHux. Pa3smepHOCTb 3TOro npeacTaBAeHMA, YKasblBaloWaa Ha 4MCNo  GYHKUUKA,
npeobpasyowmxca Apyr 4Yepe3 apyra npu npeobpaszoBaHUAX CUMMETPUM TPyMMbl, PaBHa
KPaTHOCTU BbIPOXKAEHMA TepMa, a XapaKTepbl MaTpuL, NpeacTaBAeHMA MO3BONAIT cAenatb
BbIBOJ, O CBOMCTBAX CUMMETPUM BONHOBbLIX GYHKUMIA Tepma. Tak, A4Na MONeKybl (Komnaekca
WY paZnKkana), obnagatouen cummetpuen rpynnbl O, (OKTasap), BOSMOXKHbI C/ieAytoLLne TUMbI
3HepreTMYecKMX TEPMOB: HEBbIPOXKAEHHbIe — Ajg, A1y, Azg Azy, ABYKPATHO BblIPOXKAEHHbIE — Eg 1
E, v TpexKpaTHO BbIpOXAEHHbIe — Tyg, Ty, Tog U Ty

OTcioaa cnepyeT psag, BaKHbIX BbIBOAOB AN NPUAOXKEHMA K npobiemam KBaHTOBOW
XMMKUU. B 4acTHOCTM, MOMMMO YKa3aHHOWM 33434 OTbICKAHMA MPUHAANEKHOCTU BOJIHOBbIX
OYHKLMIA 1M 3HEPreTMYeCcKoro Tepma K Tomy UM MHOMY HEeNpMBOAMMOMY NpeacTaBAeHUo (Man
TUNY CUMMETPUKN), WU3/IOKEHHbIE MeTOoAbl M NPeacTaBNeHMA MNO3BOJIAKT  onpeaenunTb:
pacuiensieHna Tepma B nonsx 6onee HM3KoM cummeTpun; obpasoBaHMe N3 HekoToporo 6asunca
NCxoaHbIX GYHKUMIA onpeaeneHHbIX ANHENHbIX KOMBUHaLM, npeobpa3yowmxca No gaHHoOMY
npeacrasneHuto (noctpoeHue rpynnosbix MO JIKAO; npasuna otbopa M OTHOCUTE/IbHbIE

MHTeHcMBHOCTM U T.4.) [5, 10].
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B KauecTBe npumepa pPacCMOTPUM CHayana C/ay4vyai, Korga UeHTPanbHbIA KaTUMOH
OKTa3ApUYEcKoro Komnnekca (puc.8,a), Hanpumep [Ti(H,0)el®*, comepskut BCero opamH
3NEKTPOH Ha d-opbutansax [5]. OcHoBHOW Tepm cBOBOAHOrO KaTMOHA Ti* - 2D—TepM c
OpbuUTaNbHbIM MOMEHTOM L=2 X noAHbIM cnMHOM S=1/2. KpaTHocTb op6uTanbHOro
BblpoXAaeHMA 2L+1 paBHa 5. MATb COCTOAHWUI d-3N1EKTPOHA, COOTBETCTBYIOLUMX OAMHAKOBOM
3HEepPrum cUCTembl B CBOBOAHOM COCTOAHMM, ONUCBLIBAIOTCA B 3TOM C/lydae NATbIo d-GyHKUMAMM
(dyy, dxz dyz d’ v dxz_yz); UX paguanbHble 4YacTu oauHaKoBbl. Cneaysa Teopuu rpynn [6] ana
’D-TepmMa B OKTa3ApUYECKON KOOPAMHALMM BbIPOMKAEHUE d-yPOBHEN CHUMAETCA, U OHM
pacWennAtoTCA NO IHEPrnAM Ha ABe rpynnbl ty- U eg;-opbutanei (puc. 9). Tpu opbutanm dyy, dy,
n dy,, obbegmHAaemble noa obWMM Ha3BaHMEM d.- AN ty,-opbuTanei, pacnonoXKeHbl TaK, YToO
MaKCMMYMbl 3/IEKTPOHHOW MAOTHOCTM NONAAAT B 06NACTU MENKAY «X», Ky» U «Z» OCAMMU
KOOpAMHAT. MaKCMMyMbl 31EKTPOHHOM NAOTHOCTU ABYX APYrvx opbuTaneit d,” u d,(z_y2 —d,nam
eg-0pbuTanu, pacnonoxeHol BAONb Tpex oceit KoopauHat (puc. 9). C yyeTom oTpuLaTENLHOTO
3apaga Ha AuraHgax (MoseKkynbl BOAbl OPUEHTUPOBAHbLI OTPULLATE/IbHLIM MOAKOCOM AMMNONA K
NOJIOXKUTENbHOMY LIeHTPa/IbHOMY KaTMOHY) 3TO d-3N1EKTPOHHOEe pacnpeeneHne no3BosseT
NONYYUTb HEKOTOPbIE KAaYeCTBEHHbIE BbIBOAbI 06 OTHOCUTE/IbBHOM PACMO/IOKEHUWN d-COCTOAHWM

B OTpUUATENIBHOM Nose INraHgoB.

a z 6

Puc. 8. Cxema pacnonoxceHus AU2aH008 8 0KMa30pu4yeckom (a) u mempasaopuyeckom (6) Komnaexkcax.

6
E dy2,2, dy2
6  E=DEQ

D(S), /3/5m|

\Q/BA T
=) 7,0
a EO dxy: dxz: dyz
D(5)

Puc. 9. PacwenneHue amomHo20 D-mepma 8 0KMaadpu4ecKom rose Au2aHo08:

a — cBobogHbIV aTom; 6, B — chepuyeckoe 1 OKTasapuyeckoe nosne.
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Takum  06pasom, BeAWuMHA  paclienneHus  ‘D-Tepma  OMpPeAensieTcd  CUoii
B3aMmogaencTema opbutanen t; M e, KaTMOHA WM aToma C OTpUUATENbHbIMM 3apAfamu
NMraHaoB B OKTasgpe. Mcxoaa M3 3Toro, MOMKHO npepckasaTb [5, 10] oTHocuTenbHoe
JHepreTUYecKoe MONOXKeHUe trg- U e;-0pbuTanein B OKTa3ApMUECKOM KOMMJIEeKce, Hanpumep,
Nerko onpeaennTb OTHOCUTENIbHOE 3HAaYEHNE SHEPTUN dyy U dxz_y2—0p6mane17|. JencreutenbHo,
B COCTOSIHUM dxz-yz 3NEKTPOH MCNbITbiBaeT 6osbluee 3NeKTPOCTaTUYECKoe OTTaslKMBaHWE OT
NNraHAOB, PaCNONOMKEHHbIX Ha OCAX KOOPAMHAT, Yem B COCTOAHWUU d,. CnepoBaTenbHo,
3Heprua aTUx AByx COCTOAHWUI He ByaeT oAMHAKOBOW: B Cly4ae e,-opbuTaneii oHa Bbille, Yem B
cnyyae tyg;-opbutanen. Bce Tpu coctoaHua tyy (dy, dx, d,;) COBEPWIEHHO CMMMETPUYHBI NO
OTHOLLEHMIO K LIeCTU AnraHgam, PacrnosioXKeHHbIM B BepLIMHAX NPaBMIbHOMO OKTasapa, WX
JHeprva OAMHAKOBA M OHWM ODOPA3YIOT TPEXKPATHO BbIPOXAEHHbIN Tr,-Tepm. B aTtom cnyuvae
aHeprua AByx egy (d,? u dxz_yz) COCTOAHMI TaKXKe ocTaeTca oAmHakoBol. ChnegoBaTenibHO, NATb
d-cocToAHUi, 0bnapatoWmMx OAMHAKOBOWM 3Hepruenm B cBO6OAHOM aTomMe (MAM KaTWoHe), B
OKTas4puYecKom nose SNTraHOO0B pasgenseTcAa Ha ABe rpynnbl C Pas/IMYHbIMKU 3HAYEHUAMM
SHepruu. Zlpyrumu cnoBamu, NATUKPATHO BbIPOXKAEHHbINA 2D-Tepm cBOBOAHOrO KaTMOHA B MoJsie
NIMraHA0B OKTA34pPMYECKOro KOMMNAEKCA PacLLennAeTca Ha ABa: TPEXKPATHO BbiPOXKAEHHbIN szg
W ABYKPATHO BbIPOXKAEHHbIN zEg:

D — T,y + E,.

OTMeTMM, 4YTO 4acTo MNPUBOAMMBIE B /IMTEPATYPE PUCYHKM paclienneHua Tepmos, B
KOTOPbIX HepacwenneHHbI TepM MpPeacTaBAseTCcA KakK Tepm cBo6OAHOro MOHa, BoobLLe
roBOpA, He Yy4YuUTbIBAlOT OAHOFO Ba)KHOro obcToATeNbCTBA. [leMCTBUTENIbHO, NMPU MOMELLEHUM
CcBOOOAHOrO MONOXWUTENIbHOrO KaTMOHA B NONE /IMFAHA4O0B (Hanpumep, OTPULATENbHbIX
TOYEYHbIX 3apAf0B) BCE COCTOAHMA BHELWHUX 3/1EKTPOHOB AecTabunmsmpytotca KM3-3a
OONONHUTENbHOTO OTTa/ZIKMBAaHWA Ha BennumHy Ep [5, 10]. Mo 3ToM npuuMHe KapTuHA
M3MEHEHUA 3NEKTPOHHbIX COCTOAHWI cBOBOAHOro KaTMOHa B MoJe /JINFaHAOB WUMEET BUA,
npeacTaBNeHHbIM Ha puc. 9. dHeprna pgectabunmsaumm Ep npy ob6pasoBaHUM KOMMIEKCa
KOMMNEHCUpyeTca 3a CYET OCHOBHOM 3HEpruu cBA3el, B OAHHOM Cayyae — MPUTANKEHUS
NOMIOXKUTENbHOTO OCTOBA LLEHTPA/NIbHOrO KaTMOHA WM OTPUUATENbHbIX AWFAHAO0B. ITy YacTb
3HEpPrMn B TEOPUM KpUCTanan4yeckoro nona [5] He paccuMTbIBAlOT M NOITOMY MO/ONKEHUE
LEHTPa TAECTM paclWenneHHbiX YpoBHEW (OTHOCMTENbHO KOTOPOro  OTCYMUTbIBAETCS
pacLiensieHMe) ocTaeTcs HeonpeaeneHHbIM. BnosHe onpeaeneHbl 34eCh NWb OTHOCUTE/IbHbIE
NONOXKEHWUA YPOBHEN Zng 7 2Eg, JHepreTMYecKoe pacctoAaHue mexay Kotopbimn A (nnm 10 Dq)

Ha3blBAETCA NAPaMETPOM pacllenneHnAa KPpUCTanan4eCknum noaem [5, 7].

27



O4yeBMAHO, YTO ANA TETPA3APUYECKOTO OKPYKEHWUA LLEHTPaAZIbHOro KaTuoHa (puc. 86)
KapTuHa pacwenneHuns d-opbutaneit 6yaet obpatHon [5, 7]. B aTom cnyyae Tpu COCTOAHMUA
t,g-opbutanu B6yayT ucnbiTbiBaTb 6o0/bluee 31eKTPOCTaTUYECKOe OTTa/KMBaHWe, 4Yem [Ba
COCTOAHUA eg-opbuTanein. [N0O3TOMY YPOBHM 3HEPrMM, COOTBETCTBYIOLME trg-COCTOAHUAM, NeXxaT
Bbllle e,-ypoBHeW. [IpUBOANMbIE HUXKE COOBPANKEHNA CUMMETPUM U PacyeT NOKa3blBaloT, YTO B
3TOM C/ly4ae TPU COCTOAHUA t,g M ABa e, 06pasyloT TPEXKPATHO BbIPOXKAEHHbIA Tepm T, U
[IBYKPaTHO BbIPOXAEHHbIN TepM E (MHAEKCb! «g» M «u» 34eCb OMYLLEHbI, TAK KaK TEeTpasap He
MMeeT LEeHTPa CUMMETPUU U ero TepMbl He ABAAKOTCA YeTHbIMU (g) MaM HeyeTHbIMM (u) no
OTHOLIEHMIO K WMHBepcMM). TakMm 06pasom, ANs TeTpPad4PUYEcKOro KOMMJIEKCca COCTOAHMA
KOMMOHEHTOB paclienneHnsa T,-TepMma Mo CUMMETPUM ByayT TaKMMM Ke, KaK M B C/lyyae
OKTasgpuyeckoro Komnnekca. O4HaKoO B3aMMHOE pPacnosioXKeHue ypoBHen byaeT obpaTHbIM
OKTasgpuyeckomy Komnaekcy (puc.10), To ecTb ANA KATMOHA B TETPAsAPUYECKOM
KPUCTANNIMYECKOM MONe NUFaHA0B To-TePM OKAXKeTCA Bbllle E-Tepma No CPaBHEHUIO C KATUOHOM
B OKTa34pMYECKOM KPUCTANIIMYECKOM None nuraHgos. Cheayet oTMETUTD, YTO AecTabuaunsauma
’D-Tepma W3-3a CPeAHEro OTTaNKMBaHMA KaTUOHOB OT JIMFaHAOB B CAy4Yae TeTpasapa MeHblLUe,
yem Ans okTasapa [5].

OTMETVM BaKHYI0 OCOBEHHOCTb d'-KaTUOHOB B C/ydYae OKTA3APUUYECKONM KOOPAMHALMY,
Koraa opbutanb d,, HECNapeHHOro 3/1EeKTPOHA He HanpaB/ieHa Ha JIMraHApl, MOCKOJbKY
HecnapeHHbI 3NEKTPOH HaxoaMuTCA B  ty-CcOCTOAHWMW. Kak OKTasgpuyeckas, Tak W
TeTpasApuYeckas CUMMETPUSA OTHOCATCA K OOHOM M TOM e Kybuyeckown rpynne CMMMeETpUM.
Mpn NOHUXKEHUN CUMMETPUM KOMMNeKkca Tepmbl T, M E noasepratoTca AanbHenwemy
pacuienneHmto. PaccmMoTpum, Hanpumep, Cay4vaih TeTParoHaNbHOTO WMCKA*KeHUA OKTasapa,
CBA3AHHOTO C YA/IMHEHNEM CBA3U BAOJIb OCK «Z» MPaBUIbHOTO OKTasApa AN KaTMOHa C OAHUM
HecrnapeHHbIM 31eKTpoHoMm (puc. 10). B aTom cayyae sHeprum AByx e,-COCTOAHWA (dxz.yz n d,’)
y)Ke He byayT OAMHAKOBbIMM, TaK KaK B MEPBOM M3 HWUX 3/IEKTPOH MCNbITbIBaeT 6osiee cuabHoe
OTTaNKMBaHME OT NNraHAOB, YeM BO BTOPOM. JIerko BUAETb, YTO TPU COCTOAHUA tyy TaKKe He
OCTalOTCA MOAHOCTBIO CUMMETPUYHBLIMU OTHOCUTENbHO /IMTAHA4O0B: ABa U3 HUX — dy, U dy; —
6/M3KM M MeHblue MOABEPXKEeHbl BAMAHWUIO UrAHAOB, YeM TpeTbe dy,-cocToAHue. [oaTtomy
D-TepMm UEHTPasbHOrO KaTMOHA paclennaeTca B TeTParoHa/bHOM KOMMJIEKCE Ha 4YeTbipe
TEpMa, M3 KOTOPbIX TONbKO OAMH €z COOTBETCTBYIOLWMIA cocToAaHMAM dy, U dy, ocTaetca
ABYKPATHO BbIpOXKAeHHbIM (puc. 10 ansa Dy, cummeTpum (OKTasgp)). Mpu  pganbHenwem

NOHUXEHUN CUMMETPUN U 3TOT TEPM pacLllennAeTcCa.
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Puc. 10. PacwenneHue d-opbumasneli 8 Kpucmanau4yecKux nosaax pasaudyHol cummempuu.

TeTparoHaNbHOE MUCKaXKeHME OKTasapa MOXKeT ObiTb ABYX TUMOB: CXKaTWe OKTasApa BAO/b
OCU «Z» UNIN PaCTAXKEHME OKTasZpa BAOJIb OCU «z». IHTEepeCHbIM NPUMEPOM TeTparoHabHOro
MCKaKeHWA OKTasgpa sasnsetca okcug, TiO; (pyTwn) mMoamMdUUMPOBaHHbIA KaTuoHamm V'
(TBEpPAbI pacTBOp 3amelleHUss KaTMOHOB Ti4+) [11]. OKpyXeHune KaTUOHOB Ti*" 8 pytune
ABNAETCA OKTAas3APUYECKMM, NPU 3TOM OKTA3AP MCKaXKEeH B aKCMA/JIbHOM HanpasieHMW U ABa
pacctoaHua Ti— O pasHbl 1,98 A, 4To 3ameTHO Bosblue YeTbipex SKBATOPUA/IbHBIX PACCTOAHMIA
Ti—O pasHbix 1,94A. C opHOI CTOPOHbLI, Kasanocb 6bl, €CAM YUYUTbIBATb BAUAHME
KPUCTa//IMYECKOTO MONA B OKTasape 4na  KatvoHos VY,  cospaBaemoro  nepsoit
KOOpPANHAUMOHHON cdepor, TO OKTasap byaeT BbITAHYTbIM, YTO MNOATBEPMKAAETCA 3HAYEHUAMM
g-bakTopa cnektpos IMP KaTvoHos V*, obpasyiowmx TBepablit pacTBop 3amelleHus. C Apyroii
CTOPOHbI, crnekTpbl 3P KaTtnoHos v* B pyTune CBUAETEeNbCTBYIOT O HEKOTOPOM CXKaTuu
OKTas4pa BOKPYr KaTnoHoB V**, 0 uem cBMaeTenbCTBYeT OpbUTaNb HECNAPEHHOTO 31EeKTPOHa Oyy
M nosABNEHME MPOLECCOB CMNUH-peLeToqHoM penakcaumum B IMP. [eicTBUTeNbHO, ecnu
YUMTbIBATb BAMAHME Ha KaTUoHbI V** BTOpOit 1 nocneayiowmx (BnaoTb 40 8) KOOPAUHALMOHHbIX

4
chep, TO OKTasgpUUecKoe KpUCTaAIMYecKoe none BOKPYr KaToHoB V' ByJeT cxKaTbiM BAO/b
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ocn «z» [11]. OTMeTUm, 4YToO ANA KaTUOHOB Ccu* B TiO, OKTasap BbITAHYTbIA KaK C y4eToM
B/ISSHNUA TMEPBOMA KOOPAUHALUMOHHOM cdepbl, TaK M C Yy4eTOM BJUAHUA MOCAeAYIOLMNX
KOOPAMHALUMOHHbIX chep nnraHaos [12].

B cnyyae, Koraa aneKTpOHHaA KOHOUrypaumsa LeHTPanbHOro KaTMoHa 6osee cnoXKHas,
HarnsgHas MHTepnpeTauMs pacliensieHna TepmMoB CTaHOBUTCA 3aTpyaHuTenbHol. OaHako,
Hanpumep, B Ciyyae KaTMoHoB Cu’’, Korga uMcNo d-371EKTPOHOB PaBHO AEBATM, KapTWUHA
pacwenneHns MOXKeT MOYy4YUTb HarfafgHy WHTepnpeTauuio, NodobHyl nNpuvBeAeHHOM Ans
cny4yasa ogHoro d-aneKkTpoHa. [ns 3Toro A0CTaTOMHO NPUHATL BO BHUMaHWE, YTO 3/1EKTPOHHaA
KOHOUrypauma d° MoxeT 6biTb pOPManbHO NPEACTABNEHa KaK COAEpPKaLLan OAHY d-AblpKy B
3aMKHyTOM obonoyke. Ee noBegeHne B none AUraHAOB COBEPLUEHHO aHA/IOMMYHO NOBEAEHUIO
d-aneKTpoHa, C TOM NNllb PasHULENM, YTO NoNoXKeHNe d-opbuTanein B KPUCTANIMYECKOM MoJe
OoTpULATeNbHbIX /NIMFAHA0B MPOTUBOMONONKHO. [0 3TOM NpUYMHE, BO-MEpPBbIX, OCHOBHOE
cocToAaHMe cBOOOAHOrO KaTMOHA 3/N1EKTPOHHOM KOHUrypauum TaKKe ABAseTcA NATUKPATHO
BbIPOXKAEHHbIM “D-TEPMOM U, BO-BTOPbIX, CXEMa PaCLLEnNeHns TEPMOB B MOAAX Pa3IUYHON
CUMMETPUM aHanorMuyHa cayyato d'-kaTmoHa (puc.9), OAHAKO PACroNOKEHUE YpPOBHEI!
ABnAeTca 06paTHbIM. I3TO NPaBUAO B3aMMHOrO COOTBETCTBMA YPOBHEN pacwenneHuns (c
N3MEHEHMEM NINLLb UX B3aMMHOIO PAcno/IOXKeHUA Ha 0bpaTHOe) coxpaHAaeTca gnAa Nobbix nap

SNIEKTPOHHbIX KOHGUrypaumit d” n d'°" (n=1, 2, 3, 4) [5].

CneKTpbl NnepeHoca 3apAaa KOMMNJIEKCOB NepexoaHblX MeTannos

XOoTA OKpacKky HeopraHMYeckuMx coefuHeHMNn OObIYHO CBA3LIBAKT C HA/IMYMEM YACTUUYHO
3anosHeHHOM d-060/104KHK, cyllecTByeT 60nblIOe YNCI0 COeAUHEHUN C KOHPUTypaLunsamm d’ un
d™®, KoTopble cMNbHO OKpaLleHbl [2]. B KayecTBe NPUMEPOB MOXHO NpusecTu uoaua ptyth (1)
(kupnuubiii ugeT, d'%), manranat (VI1)-voH (nypnypHbiii, d°), noana sucmyta (I1) (opaHxeso-
KpacHbiit, d'°s?) u voama ceuHua (Rentbii, d™%s%). B TakmMX coeAmMHEHUAX NOABNEHUE OKPACcKM,
Nno KpaHeW mepe, 4aCTU4HO OO6YC/NOBAEHO MOr/oWeHMeM CcBeTa, BC/leACTBME NepeHoca
3N1eKTPOHOB, J/IOKA/NIM30BAHHbIX MPEUMMYLLECTBEHHO Ha opbutanax nuraHga, Ha opbutanmy,
cofeprKalime B OCHOBHOM opbuTanuM meTtanna, unum HaobopoT. Takme npoueccbl nepeHoca
3apsga  WAM 3/IEKTPOHOB Has3biBalOT «MEepeHocoM 3apaga auraHga-metann» (N3/IM) u
«nepeHocom 3apaga metann-numraHga» (M3MJ1) cootBeTcTBEHHO. KOHEYHO, Takne NpPoLecchbl He
OrpaHuyeHbl TOMbKO cuctemamu ¢ KoHburypaumamu d’ u d'°, yacto oHu npoucxomaT u B
KOMMJieKcax nepexogHbix meTannos [2]. [encTBUTENbHO, BCE MHOrOaTOMHble CUCTEMbI
AO/KHbI MMEeTb CNeKTpbl NepeHoca 3apana, HO Ye/l0BEYECKUIN a3 BUAUT OKPACKy TONbKO B

TOM Cc/ly4yae, €c/iM MNOr/oWeHne npoucxoaut B BUAUMMOM obnactn. TeopeTuyeckue
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npeactasneHns B 061acT CNEKTPOCKONMM NepeHoca 3apaaa akTMBHO pPa3BMBAETCA NOC/ieaHMe
aecatnneTus.

Mepexoapbl C NepeHOCOM 3apAga HepeaKo PacnoNoXKeHbl B BUANMOM U ynbTpadnoneToBom
obnactax cnekTpa nornoweHuns [2]. OgHaKo, ecin MeTann Nerko OKUCNAETCA, @ IMraH Ierko
BOCCTaHaB/IMBaeTca, AU HaobopoT, To nepexodbl C NepeHoCcoM 3apaga MoryT Habniogatbes
NPW O4eHb HU3KMX 3HAYEHUAX IHEPruMn, gaxke B 6AMKHeN nHbpaKpacHon obnacTn, Hanpumep,
ANA KaTUOHOB Fe’' s okcugae Fe,03 [13]. CnekTpbl NepeHoca 3apAaaa 4acTo o4eHb MHTEHCUBHbI U
MOTyT MacKMpoBaTb c/ilabble d-d-nepexoabl, €CAN OHW HAXO[ATCA B OAHOM M TOM Ke obnactu
cnektpa. OpHako 4acTb MAEHTUOULUMPOBAHHbLIX MNEPexoaoB C MNEepeHoCoM  3apaaa
NNraHa-meTann MOXKEeT UMETb MHTEHCMBHOCTb MO BeAUYMHE BM3KYHO NO/JI0CaM MOTNOLWEHMUA,
obycnosneHHbiM d-d-nepexofamn KaTMOHOB METaNNIOB MepexoAHoro paga. Hanpumep, gna
KaTuoHos Cr® B BOAHOM pacTeope (da-aﬂeKTpOHHaﬂ KOHOUrypaumnsa) HU3KOBOIHOBbLIM Nepexos,
C MepeHoOCOM 3apaga AuraHa-meTtann npossaserca B obnactm 22 500 emt U umeer
€ ~200 n-monb -cM L. Takoe 3HaYeHUe & ABAAETCA TUMUYHBIM ONA MOAOC NOrNOLWeHMUA,
obycnoBneHHbIx d-d-nepexoaamn d-KaTMOHOB B TETPA3APUYECKON KOOPAUHALMKM, HANpUMmep,
Ans katnoHos Co®' [2, 14].

MopreHcen [15] ABnAeTcA NMOHEPOM B M3YYEHUM CMEKTPOB MepeHoca 3apaja
NnraHg-meTtann. B 4acTHOCTM, MM BbINOJIHEHbI A€Ta/ibHble UCC/IeA0BaHNA CNEKTPOB NepeHoca
3apaga ranoreHMAoB TAXKeNblX MmeTannos [16]. B 3n1eKTPOHHbIX CMEeKTpax nepeHoca 3apaga
NNraHa-meTann 3TUX COeAMHEHUM MMETCA TPWU rnasBHble 0b6iacTn nornoweHuns. Bo-nepsblx,
3TO rpynna y3kux nonoc (nonywmpmHa 400-1000 CM_l), pPacnonoXeHHbIX B MHTepBane ot 15 000
10 30000 cm™*. OHw Habnogatotes B cayyae nd -, nd* u nd®- (Ho He HU3KoCMMHOBLIX nd®-)
nepexofHbix metannos (n=4 u 5). x aHeprum BospacrtatoT B paay avraHaos | < Br < Cl. Bo-
BTOPbIX, BCe rekcaranoreHnapl 4d- n 5d-nepexoaHbix MeTaNN0B UMEIOT MHTEHCUBHbIE LUMPOKME
(monywwupmHa 2000-4000 CM_l) nonocbl nornouweHus B obnactn 25 000-45 000 em ana
X/IOPUA0B 3TO Yalle BCero ogHa nosoca, gna 6pommnaoB — Age, a Ana noamaos — tpu [2]. B-
TpeTbuX, B HEKOTOpbIX caydasax sbiwe 44 000 cmt MoryT HabngaTbCA AOMNONAHUTENbHbIE
WHTEHCUBHbIE MOAO0CHI.

AHanorn4yHbIN NOAX0A MOXHO MCNOAb30BaTb M ANA aHanu3a cnektpos M3MJ1 KomnneKkcos
CO CTPYKTYpamMu ApYyrux TUMOB, PAaCCMOTPEHHbIX HWMKe. MogobHoe nornoueH1e oxuaaeTtcs B
TeX CAyyYasx, Korga AuraHg, WMeeT HU3KoJeXKalime BaKaHTHble opbuTanu; nepsbiMu
KaHaMpaaTaMu  ABNAKOTCA  HEHACbIWeHHble AuraHabl C  BaKAHTHbIMWU  PA3pPbIXAAKLWMMMU

mopbuTtanammu [2]. Hanpumep, KOMNAEKCbl NUpuUAMHA, NUpUAUH-N-OKCcMAaa, nupasuHa,
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2,2'-6unupnanHa, 2,2-6unupasuHa, o-peHaHTPoAMHa C Haubosee sierko OKUCASIEMbIMU
KaTWOHaMM nepexoaHbix metasnos Tuna Mo®, Re'*, cu®, Fe?*, Ti**, Ru* u . 4. yacto umetot
HU3KO3HepreTUYecKkne nosocbl NornoweHuns, obycnosneHHble nepexogamu M3MJ1. AcHo, yTo
Takoe NornoLeH1e A0/IKHO NPOUCXoAUTb Npu B6osiee HU3KUX SHEPTUAX, YEM BHYTPUIUTaHAHbIE
nepexogbl 7—7, B NPOTUBHOM C/ly4ae NONOChl NepeHoca 3apaa byayT MacKMpoBaThbCA.

Echn cBsA3b MMeeT NpenMyLLeCTBEHHO MOHHbIMA XapakTep, To B obuiem cnyyae cnegyet
0XMAaTb, YTO MNPU YMEHbLUEHUN KOOPAMHAUMOHHOIO uYucna nepexoabl M3MJT 6yayT
NCNbITbIBATb ronyboii casur, a nepexoapl M3/IM — KpacHbin [2]. OAHAKO XOPOLLIO M3BECTHO, YTO
NpU YyMeHbLIEHUN KOOPAMHALMOHHOIO YMcia HabaogaeTcs TeEHAEHUMA K NOBbILEHWUIO CTENEHU
KOBa/IEHTHOCTM XMMUYECKOWN CBA3M, TaK KaK AN JOCTUXNKEHUA 3/IeKTPOHEUTPaNbHOCTM CTENEHb
nepeHoca 3apaaa C KaXkaoro U3 IMraHA0B NOBbIWAETCA NPU YMEHbLUEHUN UX Yncna. Hanpumep,
B KOMM/IEKCAX C 3/1eKTPOHHOM KOoHbUrypaumemn d° sHeprum M3/IM [17] paBHbI: [TiClg]*
(25 000 cm™) < TiCl, (35 600 cm™); [TiBrg]* (21 800 cm™*) < TiBrs (29 500 cm™); [Tils]*™ (12 100,
14 300 CM_l) < Tils (19 600 CM_l), TO eCTb NPU YMEHbLUEHUN KOOPANHALMNOHHOTO YMCAA OT LWECTH
00 JeTbipex aHeprua M3/IM X —Ti* yBennumpaetca. Cneayet oTMeTUTb, YTO B *Kuakom TiCly
cTeneHb KoBasieHTHocTu cBa3u Ti— Cl byaeT Bbllwe, yem B conenoaobom aHMOHe [TiClg)*™ [2].
CnepoBaTe/ibHO, B MNEPEYUCNEHHOM Bbllle psAay Ha KaTMOHeE MeTanna  yMeHblaeTcs
MONOMUTENbHbIA 3apad, a Ha aHWOHEe Xnopa — OTpUUATENbHbIN, TO €CTb aHWOH X/a0pa
CcTaHOBUTCA Bosiee NonoKutenbHbIM. Mpn 3TOM BepxHUe opbuTanmn xsopa cTaHoBATCA bonee
CTabWNbHbIMUK, @ HUXKHUE OPOUTANM KaTUOHA MeTaNNa — MeHee CTabUNnbHbIMU, YTO M NPUBOAUT
K YKasaHHOW nocneaoBaTesibHOCTW, TO ecTb Habniogaemomy ronaybomy casury nosioc B
CNeKTpax NornoLeHus.

B 6uaaepHbix Komnnekcax (ML), MOXKeT cyllecTBoBaTb B3anmoaencteme metann-merann [2].
Echn 31O B3aMMOAENCTBME CUNbHOE, TO E€ro MOXKHO OOHapPYXWMTb C MOMOLLBIO MarHUTHbIX
M3MEpPEHUI 3a cYeT 0bHapyXKeHna aHTUheppo- nan beppPoMarHUTHbIX cocToAaHM [18]. CunbHoe
B3aMMOAENCTBME MeXay MeTannamum npuBoaAUT K B3aMMOAENCTBMIO opbuTtanei cocegHux
KaTMOHOB MeTanna. OHO MOXKET BbITb MO0 TaKMM CNabbim, YTO HabNAATL €ro HEBO3MOXHO, 160
MOXET [1aBaTb HOBblE XapaKTepPUCTUYECKME NONOChI NOrNoLLEeHUs B cnektpe. PopmanbHasa CBA3b
MeXAy KaTMOHaMW MeTana MOMKET M He BO3HMKaTb, HO eCTb buaaepHble MeTanMyeckue
KOMMAEKCbl C $OPMasibHOWM BaNeHTHOCTbIO, PaBHOW HY/l0, KOTOpble MOTYT [AaBaTb CMEKTpPbI,
XapaKTepHble A8 B3aMMOAENCTBUS MeTanN-MeTan.

OTmeTum, 4To ecnmn aBa Komnaekca ML, nosepHyTb Ha 45°, To B 06pa3ytoLLeiica CKOLWEHHOM

KOHOUrypaumm nepeKkpbiBaHMe «xy» opbuTanei ucyesaet. MocnesoBaTeNbHOCTb IHEPreTUYECKMX
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YPOBHEM, NOKa3saHHaA Ha puc.1l, 3aBUCUT OT KOOPAMHALMOHHOIO YMC/NA MOHOAAEPHOro
¢dparmeHTa (B 0OCOBEHHOCTU OT HANMYMA WU OTCYTCTBUA AKCMAZIbHOrO B3aMMOLEWNCTBMA) U OT
PacCTOAHUA MeXay ABYMs aTomamu meTtanna [2]. Ana 60nblumMx paccToaHMA M ocobeHHOo ans
Bonblmx d"-KOHPUTYPaLMIl TONbKO G-B3aMMogeicTBue (OpBUTab 22, OCb «Z») MOXET OKasaTbCA
npeobnagatowmm. Ecam NpuHATL NOCNeA0BaTENBHOCTb G < TT < O, TO 3/IEKTPOHHbIE KOHPUrypaLmm
C OBLUMM YMCIOM SNEKTPOHOB, PaBHbIM cemu (Hanpumep, d>-d’), BocbMM M AeBATH, ByayT UMETb
Mo KpalHeh mepe OAMH 3NEeKTPOH Ha O0-0pbuTann M OAHY BAKAHCUIO Ha 8*—0p6VITaJWI. B atom
CAyyae cregyeT OKMAATb, YTO HMBWUM d-d-nepexosom GyaeT 8—3 , KOTOpbIN paspelueH Kak
3NEKTPOHHbBIM Nepexos U NoNAPU30BaH BAO/Ib OCU. ITOT nepexos, Habnogaswmiics B 601bwom
yncne KOMMNEKCoB, Obln NPeaMEeTOM MHOFOYUCAEHHBIX IKCMEPUMEHTA/IbHbIX U TEOPETUYECKUX
nccnenoBaHuii. MHTepecHo o6cyauTb 3TM AaHHblE B 3aBUCMMOCTU OT KOHOUIypauuii MeTansios,
06pasyoLLMX KOMNAEKCDI.

B KauyecTBe XapaKTepPUCTUYECKOro npumepa KOMMNEKCOB CO CBA3bID MeTana-meTann
PacCMOTPUM  B3aMMOAEWNCTBME  ABYX IKBUBANEHTHbIX MNAOCKMX Komniekcos Ml ¢
KoHdUrypaumen GoHapurKa 1 OCblo «z», NepneHANKYAApHOM naockoctu ML, B gumepe aueTaTa
Cu®* Cu,(CH3C00)4-2H,0 [2, 19]. CTpyKTypa 3TOM MONEKybl MOKasaHa Ha puc. 12 u umeer
dopmy doHapwmKa. Mprpoaa BOSHUKHOBEHUA aHTUPEPPOMArHeTU3ma B Aumepe auetata Cu®* u
B MHOTOYMC/IEHHbIX AMMEpax C NoAobHOM CTPYKTypon obceyKaanacb B TeY4eHWEe He OAHOro
aecatka net [19, 20]. Hanpumep, Kak y4ecTb NpAMOe B3auMoLeNCTBME Zz—Op6MTa}1el71 Kaxaoro
atoma M BA0O/Ib OCU CBA3W «Z», KOTOPOE NPUBOAUT K NOABNEHUIO G-0pbUTanei cBA3bIBAOLWUX U
Pa3pbIXAAOLWNX (0*), npeobpasyoWwnxca Kak dig U G, COOTBETCTBEHHO, B rpynne CMMMeTpUM
Dy, (pyc. 11). OctaBanocb HEACHbLIM K YeMY MPUBOANT B3aMMOAENCTBUE MeEXKAY 3aNONHEHHbIMU
XZ W yz-opbutanamu, npusBoasallee K MNOSABAEHUIO Napbl m-opbuTanei (m-cBA3biBaHMWeE);
npeobpasyloWwnxca Kak e, ANA CBA3bIBAIOWMX, U KaK €5 — A4 PaspbixNalowmnx opbutanein.
OcTaBasoCcb TaKXe HEeACHbIM, YTO JaeT Yy4yeT O-CBA3bIBAHMA NpU  B3aMMOAENCTBUM
Xy-opbutanen, kKotopble o06pa3yloT cBA3biBalOWY opbutanb by, a 8*-paspblxnmou.|,ee
B3aumogencTeume gaet opbutans by, (puc. 11). Opbutanu xz—y2 M s 0bbI4YHO He paccmaTpuBaloT,

XOTA OHU CUIbHO B3aMMOAENCTBYIOT MeXAay coboi yepes opbUTanun NUraHaoB.
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Puc. 11. OmHocumesnbHble aHepauu MoseKyaapHsbix d-opbumaneli ppaemeHmos M, (cnesa) u
ML (cnpasa) c pacnpedeneHuem 3neKkmpoHos 078 cayyas d'—d”.
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Puc. 12. Cmpykmypa dumepa Cu,(CH3;COO),-2H,0.

B [2, 20] 6bl10 NOKasaHO, YTO CMNEKTp MOI/OWEHMA aueTaTa Cu** coctout u3 LIMPOKOW
nonocbl nornouieHusa s6amsm 14 285 cmt (mnonoca 1) n nonocbl nornouweHma okono 27 030 cmt
(nonoca 11). Astopbl [20] npuwAaM K 3akAOYEHUIO, 4TO nonoca | — 3to d-d-nepexoa,
06yCcnoBNEeHHbIN NepexofoM 3NeKTPOHa C dy, d,, Ha dxz.y2-0p6MTaJ1b katTmoHa Cu®’. Monoca

_1 o
nornoweHns npu 27000cm - B 6amkHel Y®-obnactm obycnoBneHa nepeHOCOM 3apajaa
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NraHa-meTann ¢ pr-opbutaneit KNCNOpPoaa Ha BaKaHTHble YPOBHU d,(z_y2 kaTvoHa Cu®* [20].
«EcTecTBEHHbIMY» MepexoAoM ABAAETCA nepexof ¢ opbuTanu p, B naockoctn «xy» CuO, Ha
dxz_yz. M3BecTHO 6onblioe 4YMcno HGMALEPHDBIX KOMMJIEKCOB cu®, u 8 CreKkTpe nornoweHuna
MHOIMX U3 HUX MMEEeTCA noJioca noraolieHunsa s6imsmn 27 000 cm ! u Takoe nornoLweHmne 4acto
CYNTAIOT XapaKTEPUCTMYECKMM ANnAa buagepHbIX KOMMIEKCOB cu® [2]. O6bHapyKeHUe Takoro
NOrNOWEHNSS B  MHOTOYUC/IEHHbIX MeAb-OKCUAHbIX KaTanusatopax [21] obocHoBaHHO
paccmaTpuBaeTCA Kak MHAMKATOp 06pa3oBaHUA OKCUAHBIX AMMEPHbIX KNacTepoB MeaMu.

OgHMM M3 NpuUmepoB c/laboro o6MeHHOro B3aMMOAENCTBMA MeXAY KaTMOHaMM Cu™ 8
conax moxet cayxutb CuSO4-5H,0. B cynbdate meam KaTUOHbI cu* Haxo[ATcA B MOYTU
nAeanbHOM OKTasApUYecKon KoopAuHauum u aHeprua d-d-nepexopa pasHa 12 000 cmt U3
cnektpoB IMP BuaHo [19], uto ana conanm CuSO4-5H,0 npossnsercs cnaboe obmeHHoe
B3aMMOLENCTBUE MEXKAY KAaTUMOHAMMU Cu®, o uem ceupetennctayeT otcytcteumn CTC cneKktpos
3MP — TaK Ha3blBaemoe obmeHHoe cyxeHue cnekTpos IMP.

Taknm 06pa3om, 3NEKTPOHHOE COCTOAHME pPa3IMYHbIX d-KaTMOHOB M 0COBEHHOCTU
B3aMMOLENCTBMA d-KaTMOHOB ApYyr C APYromM MOryT BeCbMa AeTa/ibHO M3y4yaTbCsA METOLOM
3NeKTPOHHOW cneKTpockonun auddysHoro oTpaxkeHua (3CHO). PaccmoTpeHHble Hamu
npUMepbl HEKOTOPbIX KOMMJIEKCOB KAaTMOHOB d METAN/NIoB ABAAKOTCA WANKOCTPALMEN KaK
CNOXHOCTU MHTepnpeTauun cnektpos ICAO, TaK M HaAEXKHOCTU MPOABAEHMA B HUX MNONOC
noraoweHma, obycnoBNeHHbIX B3aMMOAENCTBMEM KaTUOHOB MeXay COBOoM.

B Tabnnuax 1 n 2 npuBeAeHbl 3HAYEHUSA MONOKEHMA MAKCMMYMOB MOJIOC MOTAOLWEHMSA,
KOTOpble MOryT NMPOABAATLCA B CNEKTPax PacTBOPOB, MCMNOb30BAHHbLIX AAA MPUrOTOBAEHMA
KaTann3aTopoB. ITM Tabanupl MOMKHO MCNONbL30BaTb ANA NEPBUYHOM OLEHKM CMEKTPasIbHOM
nHpopmaumn. [lanee peKoOMeHAYeTCA M3y4aTb OPUTMHANbHYIO AUTEPATYPY MO CRAEKTpam

COOTBETCTBYHOLWKUX KOMNNTEKCOB.
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Tabauya 1. 3Ha4eHus 3Hepaull MoaOC Mo2AOWeHUs (CM ™) d-KaMUOHO8 8 4acmo 8cMPeYaroU4UXCA 8

Aumepamype cmeneHAx oKucaeHus [2].

No KaTtnoH DNeKTpOHHasA KoopanHaunmoHHoe KoopauHauuoHHOe OKpyKeHune
KOHUrypaums ymcno H,O0 NH; cr
1 cu® d’ 6 12500 16400
2 Ni* d® 6 13800(2), 17500(5), 12700,
(15200), 28200(6) 13600,
25300(5) 22600
4 14200(160)
15200(160)
(19800)+*
3 co™ d’ 6 (16000)*, 21100(8) 13300,
19400(4,6) 17150,
17350
4 16000, 14300,
18000, 14900
19200
Co™* d® 6 12500, 13000(0,2)
16500, 21200(56),
24700 29550(46)
4 Fe** d° 6 10400 7500
5 Rh** d° 6 25500(47), 32800(134) 14700(3),
32800(55) 39200(101) 19300(102)
24300(82)
6 Fe’* d 6 12600, 15600,
18500, 16300,
24300, 18800,
24600 20100,
22400
7 Mn** d 6 18700, 21250,
23120, 22235,
24960, 23020,
27980, 26080,
29750, 26710,
32960 27770
8 Ru** d 6 16670, 23000, 12020,
25510(40) 30000(50) 16000(26),
17870(38),
19230(23),
21730(44),
23560(34)
9 Mn** d* 6 21000(5) 17540,
22400
10 cr* d’ 6 15000(2), 15300, 13150,
17400(13), 21550(30), 13700,
24600(15), 28500(27) 18900
37800(4)

# - [lonoca nornouLeHuns, npeacrasaeHHas B CKOBKax, 13-3a HU3KOW MHTEHCUBHOCTM HabatogaeTcs peako.
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Tabauya 2. 3HayeHUA sHepauli Moaoc noaaoujeHuUs coeduHeHul, 8X00AWUX C COCMA8 KAManu3amopos

usu ucriosie3yemeolx rnpu ux rnpueomaoessieHuu.

Neo CoegnHeHne CreneHb OKUCNEHUA Monocbl NOrNoOWEHNA KaTUOHOB, om
KaTWOHa

1 NiO/MgO Ni**on 13500, 14900, 24600

2 [Pt(NH5),]Cl, Pt oan 34800, 42100, 46080

3 [Pd(NHs),]Cl, P oan (27500)*, 33000, 35800

4 a-Co(OH), Co™on 18500, 20000, 21000

5 B-Co(OH), Co™on 18800

6 vy-Co(OH), Co’'rq 14500, 15000, 16000

7 Co30,4 C02+Td, 14400 - 15000,
Co**on 24600 — 29500

8 Co,Si0, Co”*on 13000, 18000

9 Ti/Al,05 Ti**on (17720)*, 17870

10 Cr/AlLO; cron 14430(5), 18000(40), 24600(60), (39000)*

* - [losnoca noz2nouwjeHus, npedcmaeneHHa,q 8 CKO6KGX, U3-3a HU3Kol uHmeHcusHocmu Habawdaemcs pedko.
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2.4. NMpumepbl UccnefoBaHUA KaTannsartopos metogom YP-Bug
CMeKTpoCcKonuu

Kamanuszamopsbi, co0epycaujue KAMUOHbI nepexooHbiXx memannoe (meods)

KaTMon Cu* ABnAeTcA OAHMM M3 CaMbiX MOKasaTe/lbHbIX B MiaHe HauBobLIEro
KONMYECTBA Pa3/INYHbIX KOOPAMHALMOHHbLIX (PacCMOTPMM: OKTasap, TeTpasap M NJIOCKWUiA
KBa4paT) U 3N1EKTPOHHbIX (M30/IMPOBAHHOE COCTOSHWUE, AMMEPDI, LLENOYKU, MACCUBHbIA OKCUA,
CuO) cocTosiHMit. Bce mepeuncneHHble COCTOAHMA PacCMOTPUM Ha npuMmepe KatuoHos Cu’’,
CTabuNM3MPOBAHHbIX HAa HocuTene — ueonnte HZSM-5 — Hanbonee ncnonbzyemom B obnactm
KaTa/nusa.

CamMblM PacnpOCTPaHEHHbIM KOOPAMHALMOHHBIM COCTOSIHMEM KaTuoHoB Cu’’ asnsetcs
reKCaakBaKoOMMJIEKC, B KOTOPOM LIECTb MOJIEKY/l BOAbl KOOPAMHUPYIOTCA BOKPYr OAHOrO
KaTvoHa Cu®" u 0bpa3yloT oKTasap (KoopanHaumoHHoe yncno, K4=6). Takaa KoopauHaums B
TEOPUM KPUCTANNNYECKOrO MONA HA3blBAETCA OKTasApUYecKOW. B 3aBMCMMOCTM OT NMraHzos
nepBoi KOOPAMHALUMOHHOM cdepbl, HANpUMep, Mosekyn Bogbl, OH-rpynn namM npocTo aTomos
Knucnopoaa, obpasyomx KUCNOPOAHbIN KapKac HOCUTENSA, K HAa3BAaHUIO KOOPAUHALMK 06bIYHO

[06aBNAOT CNOBO «KUCNOPOHAAY.
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Puc. 13. 3CA0 HZSM-5 yeonuma, MoOuguyupo8aHHO20 KAMUOHAMU cu”.

Takmm o6pasom, roBopa O KOOpAMHALMM Megu B TeKcaakBaKOMMIEKCce, NPOWU3HOCAT
cneaytoulee:  KaTUOHbI cu® HaxoAATcA B OKTasApMYECKOM KUCAOPOAHOM KoopAuHaumu
(obwenpuHaToe ob603HaYeHMe Cu2+0h). B 3CAO KaTuoHbI Cu2+0h XapaKTepmsyroTcA OTHOCUTESIbHO

o v v -1
LUMPOKOWN NMONOCOMN MOT/IOWEHMA B BUANMON 061acTM ¢ Makcumymom npun 12 500 cm ~ (puc. 13),
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obycnosneHHol d-d-nepexogom szg—zEg KaTvoHos Cu®* B OKTasgpe. KaTtnoHbl Cu2+0h TaKxKe
0ObIYHO XapaKTepusyloTcA nojsocaMn nepeHoca 3apsaga avraHa-metann (MMA3 L-M) B YO
AuanasoHe B obnactn 45 000 cm™t u BbllE, MPU 3TOM B 3aBUCMMOCTU OT MCXOAHOW COMMU cu®
MHOrAAa MOXHO, HO Yallle C/I0¥HO, BbIAENNTb XOPOLIO pa3pelleHHbIn makcumym MMN3 L-M. Cheayet
OTMETUTb, YTO norsoweHne B obnactn 35 000-42 000 cmt 0obycnoBneHo CcobCTBEHHbIM
norioLweHnem LeoanTa B JaHHOM AMana3oHe nsmepeHnin npmubopa.

ApkMm npumepom npoasaeHna B ICAO TeTpasapUYECKON KUCNOPOAHOM KoopAUHALUK

2 2
KaTuoHoB Cu”’ (oblenpuHaToe obo3HauyeHne Cu'r4) asnaetca CuAl,O4 (antommHaT meam) co

CTPYKTYPOM LIMMHENN, B KOTOPOI KaTMOHbI Cu>* HaxodATca B TETPasApUUECKUX, @ KaTuoHbl Al**

B OKTasApUYeCcKUX No3uumax, npyu 3Tom 66nblIas 4acTb TETPA3APUYECKUX U OKTas3APUYECKUX
No3nUUMN B CTPYKTYpE WMNUHENU ocTaeTca cBoboaHbiMmu. LUNuHenu 6biBatoT ABYX TUNOB —

npAmble M obpalleHHble. B cnyyae ob6palleHHOM WnMHeNn uvactb KatuoHoB Cu™* us3

3+
I

TETPAsAPUYECKUX MO3MLUUA MEepexoauT B OKTasApuYeckne, a 4YacTb KaTumoHoB A" wu3

OKTasApuYeCcKUx nepexoguT B TeTpasapuyeckne. B 3aBMCMMOCTM OT KaTMOHa d-meTanna
cTeneHb 0bpalLeHHOCTM TaKoM CTPYKTYpbI WNnHenn Bapbupyetca oT 10 go 30 %.

Ha pwuc. 14 npeactasneH 3COO CuAl,Op cO CTPYKTYpoW WNWHENW, ANA KOTOpPOro B
WHPpPaKpacHOM 06aacT cnekTpa HabAOAIETCA napa MoaoC NOMOLWeHUA npu 6500 cm ™ 1
7300cm™, B BMAMMON o6nacTu NpoABNAETCA NOJIoCa MOMNOWEHUA C MAKCMMYMOM Mpu
14 000 cm™' 1 Gonee MHTEHCMBHAA Noaoca nornouweHma ¢ ueHTpom npu 22 500 cm, a Takke B
yNAbTpadMoIeToBOM AMana3oHe Camasa MHTEHCMBHAA W3 BCEX Bblle MEpPeYUCNeHHbIX MoJsocC
nornoweHmna ¢ makcumymom npu 37 000 em Mapa nonoc B UK obnactn (npu 6 500 cm 't u
7 300 CM_l) M LWKWPOKaAsa nonoca ¢ makcumymom npu 22 500 cm™t oTHoCATCA K d-d-nepexoay wm
MN3 L-M KkaTuoHoB Cu®*rq, CTabUNM3MPOBAHHDBIX B TETPA3IAPUYECKUX NO3ULUAX B aNtOMUHATE
Meau CcO CTPyKTypon wnuHenu. OTMeTUM, 4YTO MHTEHCMBHOCTb MNONOC MOr/OWEHNA npu
6500cm™ 1 7300 cm ONA Nydwero npeactaBneHus cnektpa boina ysenuveHa B 10 pas.
Monocbl nornoweHua npu 14 000 cm - 1 37 000 cm - oTHoOCATCA K d-d-nepexoay u MN3 L-M
KaTMoHOB Cu’'on. MU 3TOM CneayeT OTMETUTb, YTO MO CPABHEHMUIO C reKCaaKBaKOMMAEKCOM
kaToHos Cu** B 93CAO CuAl,0, HabnwgaetTca cmelweHWe NoNoChbl  MOFOWEHNS,
o6ycnoBneHHoi d-d-nepexogom KatmoHos Cu’'on ¢ 12500 cm™ (puc. 13) go 14000 cm™*
(puc. 14), MOCKOAbKY B rekcaakBakomnaekce Cu?* yuuTbiBanochb BAWAHME TONBKO MNEpPBOIA
KOOPAMHALUMOHHOM chepbl AMraHaos, a B ciydae CuAl,O4 BO BTOPOM KOOPAMHALUMOHHOM cdepe
Haxo4ATCA KaTMOHbl AI**, 0 BAMAHMM KOTOPbIX Ha LEHTpanbHbIi KaTuoH Cu®* B oKTasgpe
yKa3blBaeT CMelLeHWe MOooChbl NornoleHns Ha 1500 cm™’ (cuHMit casur), oBycnoBAEHHOI
d-d-nepexonom KatmoHos Cu**op.
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Puc. 14. 3CAO CuAl,O,.

TPeTbMM  KOOPAMHALMOHHBIM  COCTOAHMEM KaTMoHoB Cu®’,  BcTpeuaowmmes 8
reTeporeHHbIX KaTanmsaTopax, ABNAETCA MJIOCKOKBAApaTHaA KMCNOPOAHAA KOoopAMHauMA, O
Ha/IMYMM KOTOpON cemaeTenbcTeyeT nossneHne 8 3CAO OTHOCUTENbHO MHTEHCMBHOM MONOCHI
nornoueHns B obnactn 28000-29000 CM_l, KoTopyto npunucbisatoT MMMN3 L-M KaTMoHOB cu” s
NAOCKOKBaApaTHON KMchopoaHon KoopanHaummn. O6biyHO Takana MM3 L-M ans KaTMoHOB cu* s
MNOCKOKBaAPaTHOM KUCNOPOAHOM KOOpAMHauuW Habnogaetca 8 ICAO aumepos Cu®,
MOCKO/MbKY B M30/AMPOBAHHOM COCTOAHUM ANA KaTMOHOB Cu’’ B KMUCJIOPOAHOM OKpYMKEHMM
O4YeHb CNOXHO OpraHW3oBaTb MAOCKUIM KBagpaT. O6blMHO yaanAsa 5-bil U 6-0M AuraHgbl,
HaxogAWwMecs B  aKCMAZbHOWM  MJIOCKOCTM, W3 NepBOM  KOOPAMHALMOHHOM  cdepbl,
npeacTasnaoleil coBOM  KUCAOPOAHBIA OKTasAp BOKPYr KaTuoHos Cu”* B cucteme,
SHepreTMYEeCKN BbIrogHee MNepecTPpoUTbCA B TETPASAPUYECKYIO KMCNOPOLHYH KOOpAMHaUMIO,
Yem OCTaBaTbCA B MeTacTabu/bHOM MN/JIOCKOKBAAPATHOM KoopauHauuu. [pu yBenanveHum
KONMYeCTBa C/I0EB U YBEIMYEHUM A/IMHBI TAKUX AMMEPOB MOXKHO NepenTn B pa3pas, KNacTepos.
Mpu nepexoge K TpexmepHoir cucteme nonydymm okcug CuO B umctom Buae (pwuc. 15),
XapaKktepusyowasaca Hanmumem B ICAO ABYX WMPOKUX NONOC MNOFNOWEHUA B BUAMMOWN
o6nactv ot 10 000 cm™* no 25000 cm Y 0bycnoBneHHbIX d-d-nepexonom KaTUMOHOB Cu¥onns
YO obnactv cnekTpa Takke HabaogaeTcA WMPOKaA Nonoca MOrioWweHuA B Auana3oHe
26 000-50 000 cm™* ¢ Bonee BbIpa*KeHHbIM MaKkcumymom nipu 34 500 emt no CpaBHEHUIO C

BUANUMON 0b61acCTbiO.
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Puc. 15. 3CA10 CuO.

[Yuhai Hu, Lin Dong, Mingmin Shen, Dong Liu, Jun Wang, Weiping Ding, Yi Chen / Influence of supports
on the activities of copper oxide species in the low-temperature NO C CO reaction // Applied Catalysis B:
Environmental Vol. 31 (2001) P. 61-69)].

CaMbIM 3K30TUUECKMM COCTOAIHME KaTMOHOB Cu’* ABNAIOTCA MHElHbIE LenoukM Meam TMna
-0 —Cu**-0*—Cu**-0* - (pnc. 16), KoTopble yaanocb ob6Hapyutb metogom ICAO aBTOpam
[B.®.AHydpueHko, C.A.AwHuK, H.H.Bynrakos, T.B./lapuHa, H.T.BaceHuH, 3.P.Ucmarunos/
NccnenoBaHne NMHEMHbBIX OKCUAHbIX CTPYKTYP Mean B KaHanax ueonuta ZSM-5 metogom 3CA0
// AAH. — 2003. — T. 392, Ne 1. — C. 67-71.] nocne o6pabotkn Cu/ZSM-5 obpa3ua B BaKyyme
npu Temnepatype 150°C B TeyeHue 1 yaca. A NpoKaneHHOro B Bakyyme obpasua B BUAMMON
obnactu cnektpos ICAO HabnoaaeTca YeTbipe nosockl nornouweHuma: 18 200, 19 300, 20 800 n
22900 cm™.

Cnepyer otmetntb, 4YTo B pabote [C.A.AwHUK, B.P.AHydppueHko, B.A.Ca3oHoB,
3.P.Ucmarunos, B.H.MapmoH / Hwu3KoTemnepaTypHasa aKTMBaUMA OKCMAA as3oTa Ha
KaTanmsaTtopax Cu-ZSM-5 // KnHetuka mn Katanms. — 2012. — T. 53, Ne 3. — C. 377-388.] 6bino
MOKa3aHo, YTO Nnocse aacopbumMm MONEKYNAPHOro KMCAopoAa Ha NoaobHbiM obpasey nocne
TEPMOBaKyyMHOM 06paboTkm KapTuHa cnekTpos ICAO (puc. 7) pe3ko nsmeHsaeTcA. B sugmumon
obnactn 3COO0 mMcye3aloT YeTbipe NONOChI NMOTrNOWEHNSA, XapaKTEPHbIe ANA ANHEWHbIX LernoYvek
megu Tmuna -0 —Cu**-0*—Cu*-0* - (puc. 16) 1 HabnopaeTca oAHa CMMMETPUYHasA Nosaoca
nornoweHma c¢ ueHtpom npu 22 500 cm Y COOTBETCTBYIOW,AA MEXKBAJIEHTHOMY Mepexoay
Cu®*...Cu™, KoTopbIit NpoABAAETCA BCAEACTBME YACTUUHOTO BOCCTAHOBAEHUSA KaTMOHOB Cu®t o
cocToAHua Cu'* nocne npokanueaHuA B aTMOchepe KMCNOpPOoaa TePMOBaKYyMUPOBaHHOrO Cu-
ZSM-5 o6pasua (puc. 17). Mpu 3TOM 4acTb KATUOHOB MeAM NPU Pa3pyLLIEHMU CTPYKTYp TMna —
0% —Cu*-0*-Cu®*-0"- cTabunmsnpyercs B BUAE NJAOCKOKBAAPATHbIX OKCUAHbIX KAacTepPHbIX
CTPYKTYp cu™, XapakTepusyowmxca Hanmumem B ICAO nonoc nepeHoca 3apaga meTann-

nvraHa B obnactu 28 500-30 000 cmt (pnc. 17), o KOTOpPbIX Mbl YTOMWUHaNM Bbille,
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Puc. 16. 3CA0 nuHeliHbIX yernovyek meou muna -0 -cu*-0*-cu*-0"-,

cmabuau3uposaHHsix Ha HZSM-5 ueonume nocse mepmoobpabomku e 8axkyyme.

CnepyeT OTMETUTDb, YTO BCe NpeacTaBaeHHble 06pasupl Cu-ZSM-5 ueonuta (puc. 13, 16 n 17)
OT/IMYAIOTCA APYr OT ApYyra Kak cnocobom HaHeceHUsA, Tak U YCAOBUAMM NPUrOTOBAEHMA 06pa3LoB.
ABTOpbl pPaboT MCMOAb30BaIM pPasHble KOHUEHTPAUMM aMMMaYHbIX WAWM BOAHbIX PacTBOPOB
Xnopuaa, auertata Uam HUTpaTa Cu2+, No3ToMy He cTouT uckaTtb B 9CA0 obpasuos (pnc.13, 16 n 17)
KaKoin-n1Mbo 3aBUCMMOCTU MeKaY NocaeaoBaTe/ibHbIM MCYE3HOBEHUEM OAHMX COCTOAHUIA Mean U
BO3HWKHOBEHWEM Apyrux. Mpu cuHTe3e 3TUX Tpex 06pasLoB TaKKe UCNoNb3oBaau Leoaut HZSM-5
C pa3Hbim moaynem (otHoweHune Al,03/SiO;). Mpu aTom B Kaxaom obpasue Cu-ZSM-5 Bcerpga
COoAepKaTCcA M30/IMPOBAHHbLIE KaTUOHDI cu® B OKTasApUYECKOM KUCIOPOAHON KOOPAMHALMK
(pnc. 13, n.n. 12 500 CM_l). Ha nsonmposBaHHble KaTUOHDI cu® (pnc. 13) okasbiBalOT CyLLECTBEHHOE
BAMSIHME pa3nnyHble 0bpaboTkm Cu-ZSM-5 obpasua (npokanuBaHue B Bakyyme (pwuc. 16) nau B
atmocdepe Kucnopoga (puc.17)) m B 3CAO HabnwogaeTca CMmelleHMe NoAoCbl MOrNOLWeHUA
KaTuoHos Cu® 8 OKTasApUYECKON KMCAOPOAHOM KoopauHaummn go 13 000 cm ! (puc. 16) n ganee
£o 14 000 oM (puc. 17), uTO CBMAETENLCTBYET O TETPArOHA/IbHOM MCKAXKEHUW OKTasgpa BOKpPYr

KaTnoHos Cu®*.

43



3 .
—~ 28500-
EE_, 2- 22500 30000
—
1 .
0 T T T T T T T T
10000 20000 30000 40000 50000

-1
BonHoBoe 4yncno, cMm

Puc. 17. 3C/]10 Cu-HZSM-5 obpaszya nocse adcopbyuu MosaeKyAapHO20 KUC/0pood.

Takum obpasom, Ha OCHOBAHWM NOAPOOHOro aHa/iM3a NPeACTaBAEHHbIX Bbille AAHHbIX
MOXHO cAenatb BbiBoAa, 4To metoa ICAO no3BonseTr uAeHTUGUUMPOBATbL Camble
PaCNpPOCTPAHEHHbIE U HEKOTOPbIE IK30TUYECKUE KOOPAMHALMOHHbBIE COCTOAHMA KaTOHOB Cu®",
CTabUNAM3NPOBAHHBIX B MAaCCUMBHbIX WM HaAHECEHHbIX KucaopoacodepsKawmx (OKCUAHbIX)

cucrtemax.

2.5. CneKTpbl OpraHUYeCcKnX coeauHeHun

MpumeHeHWe cnekTpockonun B Y® M BMAMMON 06/1acTAX CNEKTpa OCHOBAHO Ha
NOT/IOLLEHNUN 3/IEKTPOMArHUTHOTO WU3/lyYEHUA COEAMHEHUAMMW, COAEPMKALLMMU XPOMOPOpPHbIe
(Hanpumep, C=C, C=C, C=0) n aykcoxpomHble (OCHs, OH, NH, n ap.) rpynnbl (puc. 18).
MornouweHne W3NyYeHUAa CBA3AHO C BO3OYXKAEHMEM 3/NEKTPOHOB O-, TI-U N-MOJIEKYNAPHbIX
opbuTaneit U3 OCHOBHOIO COCTOAHMSA B BO3OY»KAEHHbIE COCTOAHUA: O : 0%, n: o*, L : ™ u n: t*,
Mepexogbl s : 6* HaxoaaTcs B Aanekon YO obnactm, Hanpumep, y napaduHos npu ~ 120 HM.
Mepexogbl n: o* Habnwopgatotca B YP ob6nactu; Hanpumep, OpPraHUYECKME COeANHEHWS,
codepKalinme Nn-aNeKTPOoHbl, /IOKaNAn3oBaHHble Ha opbutanax atomoB O, N, Hal, S, nmetot
NOA0OCHI NOrNOWEHMA NpU ANnHE BOAHbI 0KoA0 200 HM. JIMHUKM, COOTBETCTBYIOLLME NEePEXosam
TU: TU%, Hanpumep, B CNEKTPaxX reTePOLMKINYECKUX COeAMHEHUI, NpoABAasatoTcA B ob6aacTtm 250-
300 HM ¥ umeloT 6ONbLWYKD MHTEHCUMBHOCTb. [MONOCHI MOrNOLWEHUA, COOTBETCTBYIOLLNE
nepexogam n: 1*, HaxoaaTcA B 6avkHel YO 1 BMAMMOM 061acTAX CNEKTPA; OHWU XapaKTepHbI
ANA COeAMHEHWIA, B MOJIEKY1aX KOTOPbIX MMEIOTCA Takme XpomodopHble rpynnbl, Kak C=0, C =
S, N = N. Tak, HacblLWeHHble anbaernabl U KETOHbI UMEIOT MaKCMMYMbl MOTNOLWEHUA NPU ANNHE
BOMIHbI OKONO 285 HM. [Mepexoapl TMMa n: T* 4acTo OKa3bIBAOTCA 3anpeLleHHbIMU, WU

COoOTBETCTBYHOLWME NONOCHI nornoweHunA o6na,u,a+0T OYeHb MaNOM MHTEHCUBHOCTLIO.

44



PparmeHTBI

*
G
H H 11:*
TR
/C=O n O
H)(F T C=0
g H
C-C
© C-H

Puc. 18. Cxema moneKynsapHbix opbumanell u 371eKMPOHHbIX r1epexo0os
Ha rnpumepe MoseKybl AyemoHa.

Mepexoapl TMNa T : T* MOryT COMPOBOXAATbCA MEPEXoA0M 3/IEKTPOHa C opbuTanu,
NIOKanu3oBaHHOM Ha ogHoi rpynne (Hanpumep, C=C), Ha opbuTanb, NOKANM30BaHHYIO Ha
apyrou rpynne (Hanpumep, C=0). TakmMe nepexosbl CONPOBOXKAAITCA NEPEHOCOM 3/IEKTPOHA C
OZHOro aToma Ha ApYroi, U COOTBETCTBYIOLLME CNEKTPbI Ha3bIBAOTCA CNEKTPaMM C NepeHOCOM
3apaga. NocnegHue xapaKTepHbl ANA Pa3/IMYHbIX KOMMEKCOB (Hanpumep, apomMaTUYeCcKux
coeaMHEHWN C raloreHaMm), MHTEHCUBHO MOT/IOWAOLWMX B BUANUMOMN 1 YO obnacTtax.

MN3onnpoBaHHble, He B3aMMOAEWCTBYIOLWMNE MeXay Ccobol Xxpomodopbl, B MOJEKyne
NornowarT He3aBucumo. 03TOMYy OYeHb YacTO CMEKTPbl CAOMKHbLIX COeAMHEHUN OAU3KK K
CynepnosnuumMm CnekTpoB OTAENbHbIX XPOMOGOPHbIX rpynn. Ho B HEKOTOPbIX CAy4Yasax M3-3a
3NeKTPOHHOr0 B3aMMOAENCTBUA MEXAY OTAEe/IbHbIMKU XpoModopamn aaAaUTUBHOCTb CNEKTPOB
HapyLlaeTcs.

MpumeHeHne Y®P-BMA, CNEKTPOCKOMNUM B TeTEPOreHHOM KaTa/iumse Ans WUccieaoBaHuA
OpraHWYecKUX BELWLECTB BeCbMa OrpaHMYeHo. ITOT GaKT HaxoAUTCA B  KaXKylemcs
NpPoOTUBOPEYMN C Tem, 4YTO npumMeHeHne meTogoB YP-Bug cnekTpockonum B M3yYeHUU
MOBEPXHOCTHbIX XMMWYECKUX SABNEHM Ha4vyaTo 3a40Ar0 A0 Havana npUMeHeHus
KonebateNnbHOM CMEKTPOCKONWW. BnepBble nNpuMmMeHeHMe MeToda YAbTpaduoneToBoi
cnekTpockonuu 6bio  onucaHo B pabotax [Oe-bypa B 1931-1932 romax (J.H.de
Bour,J.Phys.Chem., 1931, v.14.p.149; 1932.v.18.p.49), n HecKonbKo no3aHee B paboTax
TepeHunHa (A.H.TepeHun, M.®.X. 1935, 71.6. c.189). lpumeHeHne 3TOoro metoaa b6bino
0b6ycNnoBNAEHO €ro BbICOKOW YYBCTBUTENbHOCTblO. [anee, ¢ pas3BuUTMEM NPUOOPHbIX

BO3MO)‘KHOCTel\;1, MEeTOo CTan NCNOJ1Ib30BaTb A4 UCCnedoBaHMA KUCNTOTHbIX KaTa/1In3aTOPOB, KakK
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C TOYKM 3PEHUA OXapPaKTEPMU30BaHMA €ro KUCNOTHOCTU, TaK U C TOYKU 3PEHUs U3yYeHUs
MEXaHW3MOB KaTa/IMTUYECKUX PeaKLmi.

MpUMeHeHNe ONTUYECKON CMEeKTPOCKOMUW AN M3YYeHMA  KUCAOTHOCTM  6blio
CTUMYIMPOBAHO MNPUMEHEHNEM WHAMKATOPHOrO MeToda ANA W3MEPEHMA KUCIOTHOCTM
KOHLLEHTPMPOBAHHbIX PAaCTBOPOB KUCNOT. [Ana pa3baBneHHbIX, cnabbix BpeHcTeA0BCKUX KUCAOT
B BOAHbIX PacTBOPAX OHA XapaKTepU3yeTcsa KOHCTAHTOM AMccoumaLmm:

Kq = [HIIA/IAH]

L]
© [4H]

KncnoTHble cBOMCTBaA pPacTBOPOB OAHO3HAYHO ONpeaenstoTcs BenumumHoli pH. ns pacTsopos
KOHLLEHTPMPOBAHHbIX KMCAOT BMECTO KOHCTAHT AMCCOLMALMN UCNOb3YeTca NoHATUE GYHKUUN

KMCNOTHOCTU:

H,=pK ,,~ g [BH]/[B]

roe pKgy — KOHCTaHTa AMccoumaumnm NPOTOHNUPOBAHHOIO ocHoBaHuA B, [BH+] — KOHUEHTpauma
NPOTOHMPOBAHHOIO OCHOBAHWUA B B pacTBope mccnegyemoirt KUCAOTbl, [B] — KOHLEHTpAUUA He
CBA3AHHOTO C MNPOTOHOM OCHOBaHMA B. ®YHKUMA KUCJOTHOCTM €CTb XapaKTepuCTMKa
CNOCOB6HOCTN pacTBOpa KMCNOTbl MPOTOHMPOBATb MONEKY/Ibl OCHOBAHWI W peareHToB. ITO
noHATHe bbino BBeAeHO B xMMmMIo B 40-x rogax lammetom. OnpegeneHne oTHoweHus B/BH+ B
pacTBopax MpPoOBOAMIOCL Ha OCHOBaHUM MamepeHUAa YP-Bug cnekTpoB pacTBOpPOB KUCAOT,
cofeprKalmx HebonblwMe KOHUEHTpaLuMM OCHOBAHWM WMHAMKATOPOB. [puM NPOTOHMPOBaAHMMU
3TUX OCHOBAHWI M3MEHANACb OKpacka pacTBOpPOB. M3meHeHMe OKpacKM WM KOHUEHTpauuu
MOHM3NPOBAHHOM M OCHOBHOM GOPMbI MHAMKATOPOB NPOBOAM/IN C MOMOLLBIO CNEKTPOCKOMUM.
B 50-x rogax 3ToT NoAxXo4, Ha KauyecTBEHHOM ypoBHe, bl BBeAEH B NPAKTUKY reTeporeHHoro
KaTtanusa YonnuHrom. B UHcTUTyTe Katanmsa B pabotax H.C.KouapeHko w J1.I.KapakuueBsa
(H.C.KouapeHko, /1.l.Kapakuues, B.A.[3ncbKo, KnHeTnka un Katanms, 1968, 1.9. c.158) ans
MAEHTUPMKAUMM MNPOTOHMPOBAHHDBIX GOPM WMHAMKATOPOB HA4yaau ucnonb3oBatb Y®P-Bupg
cnekTpockonuio guddysHoro otparkeHua. Mpu pasBUTUKM 3TUX PaboT ObINO YCTAHOBAEHO, YTO
B3aMMOAeNCcTBNE NHANKATOPOB ¢ bpeHcTea0BCKMMN U JIbIOMCOBCKMMU LLEHTpaMKu obpa3sytoTca
KOMIMJIEKCbI, KOTOPbIE XapaKTEPMU3YHOTCA Pa3HbIMU MO MONOKEHUID ANHUAMM. TaK, Hanpumep,
npu apcopbumn audeHunkapbuHona Ha JIbIOMCOBCKMX LEHTpax Habntogaetca nosoca
nornouweHus B obnactu 30000-36000 cm?, a Ha BpeHCTef0BCKUX LEHTpax MNpoucxoauT
NPOTOHMPOBaHMe C obpa3oBaHMem KapbeHueBoro moHa (nonoca 22200 cml). Onn apyrow

MOJIEKY/bl 30HAA — 6eH3anbaueTodeHoHa — NpU KoopAMHaLMKY C JIbFOUCOBCKUMM KMCNOTHBIMM
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ueHTpamu (JIKL) HabntopaeTca cmeleHne nonocbl npu 33700 cm! B 061aCTb HU3KMX YacTOT 4o
24400 cm™. O6bscHeHwe Habntogaembix pakToB ObI/IO 4OCTATOYHO NPOCTbIM: MPOTOHMPOBaHME
npMBOAUT K 06pa3oBaHMI0 HeE3aHATON n-opbuTann, 1 B COOTBETCTBMM CO cXxemon HabatoaaeTcs
T-n Nepexoa.

Hdanee, B KoHue 70-x rogos, OT cnocoba oOxapaKTepu3oBaHUS KUCAOTHbIX LLEHTPOB Ha
NOBEPXHOCTM KaTasIM3aTOPOB C MOMOLLBIO MHAMKATOPHONO MEeToAa OTKa3a/IMCb, NOCKOJ/bKY
npo¢. Xonnom (CLIA) 6blN0 OAHO3HAYHO [0Ka3aHO, YTO OCHOBAHMUA-UHAMKATOPbI,
ucnonblyemole ans onpegenenua H,, aacopbupytorca HeobpaTMmo, a He B PAaBHOBECHbIX
YC/IOBUAX, YTO AABNAETCA KNOYEBbIM MOMEHTOM ANA U3MEPEHUA PYHKUUM KUCIOTHOCTW.

Ucnonb3osaHne metoga Y®P-Bug cneKktpockonum pgna usydeHums ¢opm  agcopbumm
OpraHNYeCKNX MOJIEKYN OblJIO NPMOCTAaHOBAEHO Mo Apyroin npuymnHe. B 60 -70-x rogax akTMBHO
NccnefoBannCb peakunm npespaweHma onePpuHOB Ha KUCAOTHbIX KaTanmsaTopax. Yacto nocne
KaTaMTUYECKMX WCMbITAHUA KaTanu3aTopbl CTAHOBUAMCH APKO OKpaleHHbIMU. [loasneHue
APKOM OKPaCKM BHa4vane OblN0 MHTEPNPETUPOBAHO KaK noABAeHWe KapbeHueBblX WMOHOB.
OpHaKo aHanNM3 3N1eKTPOHHOM CTPYKTYPbl TAKMX MOHOB (CM. puc. 18a), NoKa3bIBAET, YTO NONOCHI,

OTBEYaloLLIME STUM MOHAM, AO/IXKHbI HabnoAaTbeA B BakyyMmHOM YP-amanasoHe.

dparMeHTbl
G*
H H
SN
ol n c*
+
H/(,?\/
g H
c-C
c C-H

Puc. 18 a. Cxema 351eKMpPOHHbIX ypoBHell anKeHUMbHO20 KapbeHueso2o UOHA.

B cooTBeTCTBUM C 3TOM CXEMOM B CMEKTPax MOXHO OXMAaTb NOABAEHME nepexoda o -n,
KOTOPbIA A0/IKeH fexkaTb B Auana3zoHe 50000-60000 cm. B Y®-cneKkTtpax peanbHbIX
aNlOMOCUNIMKATHBIX (LLEO/IUTHBIX) KaTanusatopax Habnwganu nosiocy MOroWweHua npum
32000cm™. C POCTOM BpemeHu npebbiBaHMA KaTan3aTopa B peakLMOHHOM cpeae 3Ta nosoca
“cyesana, M NOABAANUCHL NONOCHI B 06nacTu 21000-23000 cm™. Mpu nocneaytowem KOHTaKTe ¢

atmocdepoit unmM napamu Boabl B CNEKTpPaAx NossaAnacb noaoca okono 15000 cm?, KoTopaa 1
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AaBana APKYKD OKpacKy KaTanusatopy. Bce 3Tm npespaweHna B AanbHendwem 6bian
WHTEPNPEeTUPOBaHbl Kak HaKoMNaeHne NOMEHOBbLIX NPOAYKTOB, KOTOpPbIE NPW NPOTOHUPOBAHUU
MOTyT AaBaTb XapaKTepHble nosocbl npun 21000-23000 cm, a Npu KOHTaKTe ¢ aTMmocdepon
[aBaTb KaTMOH-paaMKabl (nonoca 15000 cm™). OLeHKa KOHLEHTPALIMM STUX NPOAYKTOB JaBana
BENYNHY 10" MOIEeKYN/I KaTanusaTopa, YTo Ha 3-4 nNopsaAKa MeHblue Yncna NOTeHLMANbHbIX
aKTMBHbIX LEHTPOB (KMCNOTHbIX LEHTPOB). BepoATHO, 06HApY)KEHHble COeANHEHUA ABNAIOTCA
NPoAYyKTaMW npoueccoB 0OPA3oBaHMA KOKCA M He WMMEKT OTHOWEHUA K MexaHU3my
KaTannTMyeckoro npespaweHna onedpuHa. OpgHako, M Takaa uHPopmauma no dopmam
agcopbunm MoneKkyn Ha MOBEPXHOCTM OKA3blBAETCA HEeAOCTAaTOMHO MONEe3HOW, TaK KakK
NMHTepnpeTauma NONYyYEeHHbIX AaHHbIX 6€3 NpuBAeYEeHUA AaHHbIX APYrMx metoaos ana YO-Bug,
CMEeKTPOCKONMN HEeBO3MOXKHa. O4HO3HAYHOE OTHEeCEeHWe MOoAOCbl noraouweHua B YO cnekTpe
BO3MOHO TO/IbKO B TOM CNyyae, eCau U3BECTHO cleaytoLlee:

1 - M3BECTHO, YTO Ha MOBEPXHOCTU MPUCYTCTBYET TO/IbKO OAHO XMMUYECKOe coeguHeHune (Mam
2-3 U3BECTHbIX COeAMHEHNSA).

2 - 13BeCcTeH ero XMMN4YeCKuii cocTas.

Bo Bcex oOCTasbHbIX C/Ay4aaX WHTeprnpeTauua MNpPaKTUYEeCKM HEBO3MOXHA, TaK KaK, B
otmyme ot UK-cnektpockonun B YO-Bua-cnekTpax noaockl MMetoT wunpmnHy 2000-5000 CN\’l, 7]
€CMN NOI0Cbl NEPEKPbLIBAKOTCA, @ YNCNO BO3MOMKHbIX KOMMOHEHT HEW3BECTHO, TO BApPMaHTOB
OTHeceHMA HabogaeMbIX MAaKCMMYMOB MOMKET HbITb O4EHb MHOTO.

Bcneacteune atoro o6cToaTeNnbCTBa, AAaHHbIX N0 YP-cnekTpam aacopbupoBaHHbIX MOEKYN
B NIUTEpPATYPE OYEHb MAso, U 3TUMW AAaHHbIMU C/IOXKHO BOCNO/b30BaTbCA AN1A UHTEPNpPETaLnm

CcObCTBEHHbIX pe3ynbTaToB.

2.6. CnekTpocKkonuAa metannos (M1a3mMOHHbIA pe30HaHC)

B nocnegHee pecatunetue, Korga B MOAY BOLWAO MNOHATME HaHOYacCTMLU, MOABUAUCH
paboTbl, B KOTOPbIX CBOMCTBA HAHOYACTUL, UCCEAYIOT C MOMOLLbIO ONTUYECKOMN CNEKTPOCKOMUMN.
OcHOBOM  ANA  TakMX UCCNeAOoBaHM  ABAAIOTCA  3aKOHOMEPHOCTM  B3aMMOAenCcTBUS
3NEeKTPOMArHUTHOrO M3/ly4eHUA C NOBEPXHOCTbIO MeTannoB (MeTannmMyeckux 4actuuy). Ecam
3N1eKTPOMarHMTHas BosiHa (A;) NagaeT Ha MeTaN/IMYECKYHO YacTuLy, TO OHa B obbeme meTanna
reHepupyeT KonebaHWs 3N1EKTPOHHOro rasa, coBnagawoline no AJAMHE BOJIHbI C NAAaloLWMMm
cBeTom (A1), M OTpaXKeHMe CBETa MOMKHO PacCMaTpmMBaTb Kak BbIXoA U3 meTanna usnydenumsa (A,)

B BMAE BOAHbI (A3), puc. 19.
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A A3

Puc. 19. Cxema 2eHepayuu ompaxeHHol 80/HbI MPU ompaxceHuu ceema
om nosepxHocmu memasnna.

A1 A3

Puc. 20. Cxema 2eHepayuu U rnoaaou,eHus sHepauu ompaxeHHol 80HbI
npu 83aumodelicmeuu ceema c MOBEPXHOCMbIO MeMAsna.

B Tom cnyyae, Koraa MmeTann,  UMEWMA  OOMEHHYK  CTPYKTYypy, ABaAAeTcA
BblCOKOAEdEKTHbIM, TO Ha Ka*KAOW rpaHULLE OTAENbHbIX AOMEHOB YaCTb 3/IEKTPOMArHUTHOIO
N3/ly4EeHMA PacceUBaETCA, U B pe3y/ibTaTe MHTEHCMBHOCTb NaAaloLWLEero CBETa BCErAa Bbllle, Yem
MHTEHCUBHOCTb OTpPaKeHHoro ceeTa (puc. 20).

Ona manbix (HaHO-) YacTWUL, METanNoB MMeEeT MeCTO Apyras Cxema B3aMMoLencTsma C
3/IEKTPOMArHUTHbIM M3/ydeHnem. [AnHa CBeTOBbIX BOJIH B OaAMmkHem Y® u Buanmom
AvanasoHax coctasadeT 200-700 Hm, TO ecTb ANA HAHOYACTUL, METAN/IOB reHepauns BOMH A,
HEBO3MOXHa, MOCKOJIbKY pa3mep HaHO4YaCTUL, MeHblue A/MHbI BOAHbl. O4HAKO, BO3MOXHbI
pe30oHaHCHble B3aMMOAEWNCTBUA C KosnebaHMem cBobOAHbIX 3n1eKTpoHoB. OaHa U3 moaenen
nosefeHNAa CBOHBOAHbLIX 3N1EKTPOHOB MPOBOAMMOCTM MeTanna COCTOMT B TOM, YTO cBObBOAHble
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3N1EeKTPOHbl PAaCCMaTPUBAIOT KaK INEKTPOHHbIM ra3. [na nwboro rasa B 3aMKHYTOM
NPOCTPAHCTBE  BO3MOMHbl  YCNOBMA  pe30HaHCa, Korga  BHewHee  BO3bOyXaeHue
COOTBETCTBYIOLLEN YACTOTbl NPUBOAUT K CYLLECTBEHHOMY YCUNEHWUIO MHTEHCUBHOCTM 3BYKOBbIX
BOJIH B 3TOM NPOCTpaHCcTBE. AHANIOMMYHO — A5 KoNebaHU SNeKTPOHHOrO rasa.

B Tom cnyyae, Korga Masble 4YacTuubl Ha MOBEPXHOCTM pacnosiaraloTca A0CTaToYHO
NAOTHbIM C/IOEM, Korga pacCToaHME MeXKAY 4YacTMLaAMW He NpeBblaeT MX AnameTpa, TaKoM
cnon Beget cebs nogobHO BbICOKOAEPEKTHOMY MACCMBHOMY METanny, B pe3ynbTaTe 4ero,
NPOUCXOAUT NOr/NoWeHMe Najalowero CBeTa B LIMPOKOM MHTepBane W Habnwoaaerca, TaK
Ha3blBaemoe, 6ecCcTpyKTypHOe NornoueHne cseta. TakKMM CBOMCTBOM 0b6nadaeT, Hanpumep,
MesikogucnepcHoe cepebpo — cepebpsHan YepHb.

MeTannnyeckne 4actuubl 6naropoaHbIXx MeTannos: 3010Ta, cepebpa, nNAaTUHbI U
nannagua, a Takke MeaHble MeTaNIMYeckne 4acTuubl, HAHECEHHblE HAa OKCUMAHbIE HOCUTENMU,
Haxo4AaT LWMPOKOe MpMMeHeHWe B KaTtanuse. [1o3Tomy ABfeHWMe MNAa3MOHHOro pe3oHaHca U
NCNO/b30BaHWe 3TOro ABMEHUA B KaTanunie byaeT paccMoTpeHo 6onee noapobHo.

TeopuA NnasmMoOHHOro pes3oHaHca b6blna pa3paboTtaHa Mu elle B Havyane A4BaALATOrO BEKa.
CyTb 3TOW TeopuM COCTOUT B TOM, YTO YacTOTa COBCTBEHHbIX KONebaHNI 3NeKTPOHHOro rasa B
MeTanie NPoNopLUMOHanbHa KOHLLEHTPALUUM cBOBOAHbIX 91EKTPOHOB:

Wo=k X N, rae n — KOHUEHTPaLUMs CBOOOAHbIX 3/1IEKTPOHOB.

YactoTa cob6CTBEHHbIX KoNebaHui BOAM3M MNOBEPXHOCTU OTAMYAETCA OT YacTOTbl
CObCTBEHHbIX KONebaHMn B 06beME M MOXKET ObiTb NMpeAcTaB/eHa CAeAyoWnUMU NpPoCTbiMn
BblpaXKeHMAMM 415 NNOCKOM U chepmnyecKoin NoOBEPXHOCTEN:

Ws= Wo V3, Ans cheprnyeckoin NoBepPXHOCTU U
Wp= W, V2, ANA NJIOCKON NOBEPXHOCTMU.

Hanpumep, ana metannmyeckoro cepebpa yactota w, HAXOAMUTCA B AMana3oHe OKONOo
45000 cm™, ana chepuryeckoin NOBEPXHOCTU W Habatogaetca okono 25000-27000 cml, a ana
MNOCKOW NOBEPXHOCTU W, npoasasetca B obnactm 27000-29000 cm™. [na 6onbluMHCTBa
METa/IIoB KPOMe NNAa3MOHHOro pe3oHaHca B YO 1 Buammon obnactax cnektpa Habatogatotca
TaK)Ke MOJI0Cbl MEXK30HHbIX Mepexonos. Mexay NnasMmOHHbIM Pe30HAHCOM M MEXK3OHHbIMU
nepexoaamum MMeeT MecTo B3aMMogencTBMe, KOTopoe CnocobHO MCKa3nUTb NOKa3aHHble Bbile
NpocTble 3aKOHOMEPHOCTU. [lNA  KPyMHbIX 4YacTUL, MeTa/IM4eckoro cepebpa nosoca
MEK30HHbIX MNepexoaoB Nexut B auanasoHe 32000-34000 em, Mpu atom, HabniogeHue
06bEMHOr0 pe3oHaHCa CUAbHO YCAOXHAETCA M3-3a YBE/IMYEHMA LMPUHbI COOTBETCTBYHOLLEN
nonocbl nornouweHuns. Ans KpynHbix (6onee 20 HM) YacTU, MeTaN/IMYECKOW MAaTUHbI U

nannagua B cnekTpax Habatgatotca noaockl B 06nactn 48000-50000 cm?, KOTOpble MOTyT bbITb
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COOTHEeCEeHbl C MOAOCAaMM NAA3MOHHOrO pe3oHaHCa WMAW MONOCAMWU MENK3OHHbLIX Nepexonos.
MocnepHee 6onee BEPOATHO, TaK KaK KOHUEHTPaLMA CBOOOAHbBIX 3N1EKTPOHOB B METa/IIMYECKOM
cepebpe ana metannos camas 6onbwan. OAHAKO, B 3TOM C/lyvae HEMOHATEH GaKT NOHUKEHUA
3TOM YacToTbl MPW YMEHbLUEHWUM PA3MEPOB 4acTuu, meTanna. Takum obpasom, Bonpoc 06
OTHeceHun nonocbl B 06nactm 42000-50000 cm™ ONA MeTaNIMYecKor naaTuUHbl U nannagus
OCTAeTCA OTKPbLITbIM.

Ocoboe mecto B Y®-Bug CnekTpoCKONMM MeTanNoB OTBOAMTCA KaacTepam, TO ecTb
YyacTuuam, pasMep KOTOPbIX NeXUT B AnanasoHe 0.5-2 HM. B cnekTpax TaKMX 4YacTuL, Henb3A
HabnoA4aTb NAA3MOHHbIM PE30HAHC, TaK KaK 3/1eKTPOHHble 06/saka B HUX OTCYTCTBYHOT, MO
60NbIOMY CYETy TaKMe 4YacTuubl He MOTryT Ha3blBaTbCA MeTannmnyeckumu. na cepebpa B
ntepaType MMEKTCA MHOFOYMC/EHHble AaHHble O CNeKTpax KAacTeposB, B TOM uucie U
3apAXKeHHbIx. O6waa TeHAEHUMA MW3MEHEHWA CNeKTPoB B 3aBMCMMOCTM OT pasmMepos
cepebpAHbIX KNAcTepoB AOCTATOYHO NPOCTasA: Yyem Hosblie pasmep cepebpsAHbIX KNacTepos,
Tem 6onblue HabaoaaeTca y3KMX NOMOC, CMeLLEHHbIX B 061acTb HU3KMX YacToT. [na anmepa
Ag2+ XapaKTepHa oAHa nonoca B obnactn 40000 em™. Mo mepe yBeanyeHUA Ymcna aToMoB
nosBAAtoTcA 60nee HU3KOYACTOTHbIE MOJIOChl, KOTOPbIE NMOCTENEHHO YLWWPAIOTCA, CNMBAACL B
WMPOKNI KOHTyp B obnactn 25000 cm™. AHanu3 BO3MOMKHbIX 3NIEKTPOHHbIX YPOBHEMN
MOKa3blBaeT, KaKuMe 3NeKTPOHHble nepexogbl MOryT ObiTb peann3oBaHbl ANA 3apPAMKEHHbIX
KNnactepoB MeTannoB. Jnsa oTaenbHblX aToMoB cepebpa B NlaMeHN XapaKTepeH nepexos oKoio
30500 cm™, pocTatouHo 6aM3KMIE K MENK30HHOMY nepexogy MeTananyeckoro cepebpa
32000 cm™. Ha puc. 21 noKasaHa BO3MOXKHaA cxema U3MEPEHMUA 3/IEKTPOHHbIX YPOBHEN MNpu
yBe/IMYeHMN pasmepa KnactepoB. M3 cxembl ACHO, YTO MPU yBEIMYEHMWU pasmepa Knacrtepa

4acCTOThbl Haﬁl'II-Oﬂ,aeMbIX nepexoaos A40/1XKHbl MOHUNXKATbCA.

Ag AgAg AgAg* Agn
3oHa NpoBOAMMOCTH X T
B S—  —
-_f_ BanenTHan soHa -
v = 30500 v < 30500 v = 40000 v < 40000
ATtom cepebpa Knactep us aByx MeTannuyeckoe 3apsiKeHHble
aromos cepebpa cepebpo knactepbl cepebpa

Puc. 21. Cxema 31eKMPOHHbIX yposHeli 0414 3aPAHCEHHbIX U HelimpasbHbIX Kaacmepos Memarsios.

OpHako 3Ta cxema He nossoaser 06BbACHUTD NPUYNHY NnoABAEHNA HU3KOYACTOTHbIX NOI0C
ANA  KnactepoB NANaTMHbL UM nannagua. na OOBACHEHMA 3TOr0 MOXKHO NOMbITaTbCA

Mcnonb3oBaTb nNoaxon, aHANIOMMYHbIM TEOPUN NONA NNraHOoB. nyCTb Knacrtep npeacraBnAaeT
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cob0l MOH NNATUHbI MW NaANNaAmnsa, OKPYXKEHHbIA OKTasapom (TeTpasapom) aTOMOB TOM Ke
NAaTUHbI AW Nannagmsa. B oTiiMumMe oT MOHOB OZIHOBAJIEHTHOrO cepebpa A/1A MOHOB YKa3aHHbIX
MeTaNN0B MOryT HabntoAaTbCA BHYTPUMOHHbIE d-d 3NEKTPOHHbIE Nepexoabl. TUNMYHbIE NONOCHI
3TMX NEepPexonoB ANA aMUHHbIX KOMMNJIEKCOB M NAATMHbLI U Nannaaua nexat 8 gnanasoHe 34000-
36000 cm™. Mpn 3TOM WM3BECTHO, YTO 4YaCTOTbl 3TUX MEPEexonoB TemM Bbiwe, yem bHonee
OCHOBHbIM fIBAAETCA /AWUraHA, C KOTOPbIM CBA3aH KATMOH. C TOYKM 3pEeHUA 3NEKTPOHHOM
NAOTHOCTW, aTOM NAATUHbI M aTomM Nannagus o6sa3aHbl MMEeTb OONbLUYIO 3/IEKTPOHHYIO
NAOTHOCTb, YeM aTOM Qa30Ta B aMmMmaKe. [03TOMy 4acCTOTbl TAKOro 3apAXKEHHOro Kaacrepa
MOFYT OKas3aTbCA BbIWE, YeM 4YacToTbl aMWHHbIX KNacTepoB M MNO3TOMY, MOAOCHI
COOTBETCTBYOWMX d-d-nepexoaoB MoryT HabagaTbea B gnanasoHe 36000-40000 em. Hanee,
€C/IM VOH OKPYXEH He OAMHOYHbIMW aTomamMu, a 6oNblWON TrPynnon aToMOB MeTanna
(NpHUMan BO BHMMaHME, YTO BAMKaliLlee OKPYXKeHWe, BEPOATHO, MO CMMMETPUM OCTaeTca
OKTas34pMyecKkMM), TO 3/IeKTPOHHAA NNIOTHOCTb Ha BAMMKAMLWKMX K MOHY aTOMax MeTanna byaet
BO3pactatb. M B UeNOM, C pOCTOM pasmepa Knactepa, a gajee W 4YacTuupl, 4Yactota d-d-
nepexonoB 6yaeT yBeNMUYMBATbLCA, NPUOAMNKAACL K 4YacToTe MEXK30HHOro nepexoaa,
XapaKTepHoro ana 60ablMX MEeTanIMYeCcKMX YacTul,. Takmm obpasom, MOMKHO OXMAaTb, YTO
obnactb nepexosa CBOMCTB aHCAaMb1A YacTUL, NAATUHbBI MM NAaNNaaUA U3 COCTOAHUA KNacTepos
B METann onpeaendaAerca NOABMEHMEM B CMEKTPax Nonockl nornoweHua sbiwe 42000 cmt. Mo

pa3mepam 3Ta rpaHnLUa HaxoauTCA, BEPOATHO, B AMaNa30HE NopAaKa 5 Hm.

2.7. Mpumepbl ucnonb3osaHma YP-Bug cnektpockonum gna

OXapakKTepnioBaHUA MeTa/JiIu4yeCKUX KataJiu3atopos

CepebpsAHble KaTann3aTopbl SNOKCUAMPOBaHMA 3TUNAEHA. B cnekTpax HaHouacTuy, cepebpa,
NOJlyYEHHbIX METOAOM MCMAPEHUA MeTanNa 3NEKTPOHHbIM My4YkKom (puc. 22), HabntoaatoTca
MoAOCHI MOMOWEHNA OKoo 25000, 28500 v 31500 cm™. Pasmepbl YacTuy, cepebpa B 3TUX
obpasuax cocrtaBaawT nopagka 200 Hm. [MocnegHAs nosoca OTHOCUTCA K MEXK30HHOMY
nepexoay. A nepsble ABe MONOCbl, BEPOATHO, 06yCN0BAEHbI NAOCKMMU U cheponosobHbIMM

rPaHAMMU YaCTUL, MmeTanna.
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Puc. 22. Y®-Bud cnekmp dughhy3Ho20 ompaxceHusl MopoWKa memanau4eckoeo cepebpa
C pasmepamu Yyacmuy, 0koso 200 Hm.

MpU CUHTE3e HaHECEHHbIX Ha OKCUA a/lOMUHUA cepebpsHbIX KaTa/an3aTopoB B psae

CNy4aeB MNOABAAIOTCA YaCTULbl, KOTOPbIE XapaKTepPU3YHTCA UHTEHCUMBHOW Noaocoi B o6aactu
-1

25000 cm™, (puc. 23) u pasmepom Yactul, cepebpa 20-30 HM. ITU KaTann3aTopbl NPaKTUYECKHU

He NPOoABAAKOT aKTUBHOCTU B 3NOKCNANPOBAHUN 3TUNNEHA, U CENEKTUBHOCTb O6pa3OBaHMﬂ
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Puc. 23. YO-Bud cnekmpeol cepebpsaHbiX Kamasau3amopos 3rMoKCUOUPOoB8aHUS 3mMuseHa.

3TUNEHOKCMAA Ha HUX He npesbiwaeT 50%. Koraa nonyyatotca ob6pasLbl, B CNEKTPAX KOTOPbIX
HabnogaloTCA Nonockl Ookono 26000, 28000 u 31000-32000 cm™ (puc.23), n 06pasip
COAEPIKAT YacTUUpl cepebpa ¢ NpenmyLLecTBeEHHbIMM padmepamn 50-100 HM, OHU ABAAOTCA
aKTUBHbIMW B 3MNOKCUAMPOBAHUKN, @ CENEKTUBHOCTb 06Pa3oBaHMA 3TUIEHOKCUAA MpeBblllaeT
70%. Takum obpaszom, YO-Bug cnektpockonua asnseTca 3PPeKTUBHLIM IKCNPECcCc-MeToAO0OM

OXapaKTepnsoBaHUA CBOWCTB Cepe6pﬂHbIX 4acCTuUL, B KaTann3aTtopax.
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Opyrum nNONoOKUTeNbHbIM NPUMEPOM UCMOIb30BaHMA 3TOr0 MeToda ANA UccaefoBaHuA
MeTa//IMYeCKNX YacTul, Ha HOoCUTenax ABAAITCA nNannaguesBble  CTEKJ0BONOKHUCTblE
KaTann3aTopbl rMAPUPOBaHNA aueTuneHa. JaHHbIN TN KaTanM3aTopoB XapaKTepusyeTca OYeHb
HU3KMM cogeprkaHnem nannagua (0.02 macc %) 1 No3ToMy C NOMOLLBbI MPAKTUYECKU BCEX
b13MYEeCKMX METOA0B MCCNEeA0BAHNA UX U3yYeHUe 3aTPYAHEHO, AN MONHOCTbIO HEBO3MOMKHO.
B Y®-Bua, cnektpax 4acTuLbl MeTanAMYeckoro naanaana NnpoasaanTca 4OCTAaTOYHO ferko. Ecau
CNEeKTP NPUrOTOB/IEHHOTO KaTa/M3aTopa XapaKTepusyeTca OAMHOYHON UHTEHCUBHOWM MONOCON B
o6nactn 48000-50000 cm™, To Ha NOBEPXHOCTU 3TOr0 KaTa/amM3aTopa METOAO0M 3NEKTPOHHOM
MWKPOCKOMUM MOXKHO HAWTM YacTuubl ¢ padmepamu 30-50 HM, a cam KaTanus3atop He
NpoABAAeT BbICOKOW AKTUMBHOCTU B TMAPUPOBAHUM aLETUNEHA B 3TUNEH U CEeNeKTUBHOCTb

rMApUpPoOBaHMA aueTUeHa oYeHb HM3Kas. (Puc. 24).

Karanwusarop - 1
3_ /
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0 1 v 1 v 1 '
10000 20000 30000 40000 50000

BonHoBoe yucno, em™!

Puc. 24. Y®-Bud cnekmpsi Kamanuzamopos Pd/cmeKno080:a0KHo.

1 - kamanuzamop codeprum mosnbKo Yacmuusl nannaous ¢ pasmepom 30-50 Hm.
2 —Kamanusamop cooeprum 4acmuysl ¢ pasmepamu 5-10 HM u ¢ pasmepamu meHee 1 Hm.
3 — kamanuzamop codeprum yacmuybl C pa3mMepomM 0KOs0 1 HM.

Korpa katanmsatop xapaktepusyetca yactuuamm 1 Hm 1 5-10 Hm, B cneKkTpax noABAAloTCA
nonocbl okono 38000 u 42000-44000 crv\'l, KaTanmsaTtop aKTMBEH W CEeNeKTUBHOCTb
rMApPUpPoBaHMA coctaBadeT okono 50-60 %. Ecan B KaTanusaTope Ha BHeELWHeW NOBEepPXHOCTU
MmeTanna He ObOHapy»KMBaeTCA, ero CNekTp XapaKTepusyeTtca nosaocoi okono 38000 CM’l, a
CEeNIEKTUBHOCTb TMAPMPOBAHMA aLeTMAeHa NoBblwaeTca 4o 70%.

Ocob6eHHOCTM pPe30HAHCHOro MOr/IOWEHUA 3NEKTPOMArHUTHOro usnyyexHma (PM3MU)
3/IEKTPOHAMM MPOBOAMMOCTM HAHOYACTML, METANNINYECKON Mean PacCMOTPMM Ha npumepe
Yyactuy, mean, CTabunmM3mMpoBaHHbIX Ha okcvae ZnO, wcnonb3ya  AONOJAHUTENbHOE
TEOpPETUYECKOE PACCMOTPEHME NPUPOAblI NOAOC MNOINOWEHNSA HAaHOYaCTUL, METaNNYECKOM

meaun n BbiAaBieHNe d)aKTOpOB, BANAKOWMNX Ha ee Nnos1oXKeHune.
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Ha pwuc. 25 npeactaBneH CNEKTP MeETaNIMYECKMX 4YacTuL, MeaM, MONAYYEHHbIA nyTem
BbIYMTAHMA CMEKTpa mcxoaHoro ZnO u3 cnekTpa noriouweHus Cu/ZnO cuctembl. M3 pucyHKa
BUAHO, 4TO B BMAMMOM 06/1acTM chnekTpa Habniopgaetrca nosnoca noraoweHua 14 600 cm
(puc. 25, Kp. 1), obycnoBneHHaa NAA3MOHHbIM PE30HAHCOM YacTUL, MEeTaN/IMYeCcKon Megum,
cTabunusmposaHHoi Ha ZnO. OgHako o npupoae ctabunmsaumm 3TMX 4Yactuu, ux dopme U
pasmepe roBOpUTb TPYAHO, HE MPMBAEKAA LaHHbIX METOLOB pacyeTa CMEKTPOB AN TaKuX
yactmy, B pabote [A.A.XacuH, C.®.Py3aHKuH, B.®.AHydpueHKo, A.A. ANTbIHHUKOB,
T.B. NapuHa, W.BaH geH Xiosenb, T.M. IOpbeBa, B.H.MapmoH / OcoBeHHOCTU 31eKTPOHHbIX
CNekTpoB MogenbHbix Cu-Zn-KaTanM3aTopoB CUMHTE3a MeETaHO/Na B  OKUCAEHHOM W
BOCCTaHOBAEHHOM cocTosHuu // OAH. — 2006. — T. 409, Ne 2. — C. 207-212.] 6b1an noapobHO
paccMoOTpeHbl TpU GaKTopa, BAMAKOWMX HA CMELLEHWE OMNTMYECKOro CrnekTpa Mnaa3MOHHOro
pe3oHaHca 4acTul, MeTanna: pasmep M dopma 4YacTuy, MeTanna, BAUSHUE HoCUTena
(AnanekTpuyeckas nNpPOHULAEMOCTb, &) W OUMNONb-AUNONbHOE B3aMMOAEWCTBME YacTul,
MmeTanna mexay cobomn, KoTopble Mbl PACCMOTPMM B 3TOM pasgerne.

B HacToswee BpemAa paspabotaHo 60nblIOE KOAMYECTBO METOAO0B pacyeTa CMeKTpoB
Pa3NNYHbIX YacTuL, MeTanNoB: meaun, cepebpa M 3010Ta, C LENbIO YCTaHOBUTb pa3mep U popmy
yacTuu, NpMpPoay UX B3aUMOAENCTBUA C HOCUTENIEM W MexKay coboin. B npeactasieHHoM pabote
C.®. Py3aHkuHbIM (MK CO PAH) 6b111 Mcnonb3oBaHbl NpUbAnKeHUa ANCKPeTHbIX aunoneit (DDA) n
CUCTEMDBI YpaBHEHWI cBA3aHHbIX aunoneit (CDE). Mpu Takom noaxone u3yvyaemblh 06bEKT
npeactaBnsetcs Habopom cdepuyecknx OAHOPOAHbIX METAN/IMYECKUX YaCTUL-MOHOMEPOB,
OVNONbHO-NONAPU3YEMbBIX NOA AENCTBUEM NAAAOLLETO SNEKTPOMArHUTHOIO U3NYYEHUA.

Mpun pacyeTe CNEKTPOB 4YacTUL, MeTannmMyeckon megu B paboTe  MCnosb3oBanu
3KCMEPUMEHTANIbHbIE  3HAYEHMA  KOMMMEKCHONO WMHAEKCA pedpakuum 4nad  MacCMBHOWM

MeTananyeckon meau u3 rpadpuyeckon 6asbl AaHHbIX [http.www.ioffe.rssi.ru/SVA/NSM/nk]

@, =63857 CM " 1 COOTHOLLEHUE Y/w,=0,00436 u3 [Amekura H., Takeda Y., Kishimoto N. // Nucl.
Inst. Meth. Phys. Res. B. 2004. V. 222. P. 96—104.] ckopoctb ®epmu v¢=0.00523 u3 [Ashcroft N.W.,
Mermin N.D. Solid State Physics. Orlando: Saunders College Publishing, Orlando, 1976.].
OvanekTpryeckas npoHnuaemocTtb Zn0O, &no, B MK-06nactn coctasnsaet 8.15, npn w=16 978 cm?t
(A=589 HM) 3HauyeHne &no MeHblle n coctasnaeT 4.0-4.1 ans rekcaroHanbHOM moanduKauum ZnO
n 5.6 ana kybuueckoit (No AaHHbIM 06 MHAEKce pedppakumu [idid, ctp. 10-230.]).

M3 pacyeTHbIX CNEKTPOB HAHOYACTUL, Meau pasHOro pasmepa 6bl10 yCTaHOBAEHO, YTO

YMEHbLIeHNe pasmepa 4YacTul, meTanna ot 16 o 4 HM B NpeanonioXeHun &£,=8.5 oyeHb

HE3HaYnUTe/IbHO CKa3bIBAETCA Ha NonoxeHun nosioc PM3U (puc. 25, Kp. 3 1 4, COOTBETCTBEHHO),
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HO MPUBOAUT K WX ywupeHuto. MNpu 3TOM NOBbIWEHNE ANINEKTPUYECKON MPOHULLAEMOCTU
OKpY)KeHus (HocuTena) Yactul meTanna ot &,=1 Ao &,=8.5 (puc. 25, Kp. 1-3) 3HaYUTENbHO
YMEHbLIAEeT 3HEepruo UM WUPUHY Habaogaemor MOAOCbI MOMOWEHUA U MNPUBOAUT K
yBE/IMYEHUIO €€ MHTEHCMBHOCTU. OTMETUM, YTO 3KCMEePMMEHTANbHbIN cnekTp (pwuc. 25, Kp.5)
yA4anocb ONMcaTb MCNO/Mb3yEMON MOAENbIO MPU 3HAYEHUU &,=8.5. OTMeTMMm, 4TO TaKaA
3aBMCMMOCTb PACYeTHOro 3HayeHWA MnonoXeHua nonocbl PMNOU oT 3HayeHua &, nossonser
caenatb BbIBOA, O 3HAYMTENbHOM BAWSHUKM "geKopupoBaHMA"  Mccnesyembix  4YacTu,
MeTaIMYECKON MeAM OKCMAOM UMHKA Ha 3Hepruto PMIU. CornacHo AaHHbIM 3/1€KTPOHHOM
Mukpockonuwu [Yurieva T.M., Plyasova L.M., Zaikovskii V.I. et al. // Phys. Chem. and Chem. Phys.
2004. Vol. 6. Ne 18. P. 4522—-4526.] yacTuubl MeTaNINYECKON Mean SNUTAKCUAAbHO CBA3AHbI CO
CTPYKTYpPOM OKCMAA UMHKA, a o06pa3oBaHMe HEKOTOpbIX 4YacTUL, Meau MpPOUCXoguT B
MuKponoaoctax ZnO.

PacueTHad WWpPMHA NOMOC MOMNOWEHUA HECKONbKO MeHbLle 3KCNEPMMEHTANbHO
Habnogaemon gaxe ANA HaHo4acTUL, Meau ¢ AgnameTpom 4 HM. BepoaTHo, bonblian WnpurHa
Habnogaembix NONOC NOFNOLWEHMA ABASETCA cieacTBUeM NMM60 HEOAHOPOAHOCTM YacTUL, Meam
No CTeneHn UX B3aMMOLENCTBMA C OKCMAOM UMHKA, Hanpumep, No cTeneHun "agekopmposBaHua”
MeTanna okcuaHon ¢asoi, nNMbo0 HEeoQHOPOAHOCTM YacTUL, OKCMAA UMHKA NO CTeneHu
NCKaXKEHUSI 3JIEKTPOHHOM CTPYKTYPbl M BEANYUHE ANINEKTPUYECKON MNPOHULAEMOCTU. ITU
npeanonoXeHnsa NoOATBEPKAAIOTCA TEM, YTO GOPMa IKCNEPUMEHTANbHbIX IMHUIA COOTBETCTBYET
HOpPManbHOMY  pacnpeeneHuMto  norapudma  BONHOBOrO  Yucna  (norHopmanbHomy

pacnpeaeneHunto), B To Bpems Kak popma pacyeTHbIX TMHUI OKa3blBAETCA IOPEHLLEBOMN.

MornoweHune, oTH. ea.
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Puc. 25. PacuemHsie criekmpbl Mo2a0WeHUA Yacmuy memanau4yeckoli meou ¢ duamempom 16 Hm
npu en=1 (1) u en=4 (2), a makxce yacmuy c duamempom 4 um (3) u 10 Hm (4) npu €,=8.5.
Kpusas 5 — akcnepumeHmansHelili pazHocmHbili criekmp noznoujeHus Cu/Zn0O (CuggZng,s,0)
cucmembl Nocsie 8bIYUMAHUA CIEKMPO8 80CCMAHO8/EHHO20 U MPOKasneHHo020 06pasyos.
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[lornomeHue, OTH. €.
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Puc. 26. PacuemHsble criekmpbl Mo2a0WeHUA cghepudeckux yacmuy Mmemasnnudeckol medu
npu g,=1: omoenbHbIx HaHoyacmuy c ouamempom 4 im (1) u 30 Hm (2); dumepos ¢ duamempom
yacmuy meou 4 Hm (3) u 30 Hm (4); nuHeliHoz2o kKnacmepa u3 11 yacmuy duamempom 4 Hm (5),
AuHeliHo20 Knacmepa u3 49 moHomepos ¢ ouamempom 4 Hm (6) u 40 Hm (7).

OTMETUM, YTO MONOXEHME 3KCNEPMMEHTAZIbHON KPWBOM 3HAYMTENbHO OT/AMYAeTCA OT
pacyeTHOro 3HavyeHuA, NOAYYEHHOro ANA YacTUL, Mean PasIMYHOro AMameTpa Npu 3HayYeHUu
Em=1 (chepunyeckme yactmupl), TO €CcTb B NPeAno/IOKEHUN O CTaboM B3aMMOAENCTBMU YacTUL,
mean c HocuTenem. YyeT AUNONb-AUNOAbHOIO B3aMMOAENCTBUA YaCTUL, MeXKAy CODOM TaKKe
NPMBOAUT K YMEHbLUEHWUID 3SHEeprMM MnAasMOHHOro pesoHaHca. B cnyvae nnoTHoro
pPacnonoXeHWs 4YacTuu, MeTanna B BUAE AOMMEPOB, LENo4YeK, AMBO NOAHOrO NOKPbLITUA
NOBEPXHOCTM MOHOMEPHLIMM  HAHOYACTULLAMM, BO3MOMXKHO 3HAYUTE/NIbHOE YMeHblUeHue
3HEepPruM nNNasMoOHHOIO pe3oHaHca. TaK, npu obpa3oBaHMM UenodeK no 49 yactuy
MEeTaN/INYeCcKon mean AvameTpom 12 HM B KaxKAoW npu &n=4 M NNOTHOM PaCnoONOXKEeHUU
YacTUL, B LEMOYKe, KOraa paccToAHMe MeXAay UeHTpamMW 4YacTuy, pPaBHO WX AuameTpy,
pacyeTHbIN MaKCMMyM NOAOCbI NoraoweHna paseH 12 400 cm OpgHaKko aAnnonb-gunonbHoe
B3aMMOAENCTBME ABNAETCA CYLWECTBEHHbIM TO/MIbKO B C/y4ae, KOr4a pacCTofHME MeXay
coceaHMMM YacTULAMM BAN3KO K pasmepy Camoro Annons.

B cnyyae Cu/ZnO cuctembl, Korga Habnwogaemas METOA0M 31EKTPOHHOW MMKPOCKOMNUM
KOHLEHTpaumMa 4acTul, MeTanimyeckon meam gmametpom 3-5 Hm Ha noeepxHocTu ZnO umeeT
nopAagoK 10 Mm% a XapaKTepHOe PacCToAHME meXay YacTuuamu npesbiwaet 10 HM, B 3TOM
cnydae 3ddeKT yyeta AMNONb-ANUNONBHOTO B3aMMOAENCTBUA NpeHebpeknmo man. OTmeTum,
yto 6e3 yyeTa B3aMmoaencTama Yactuy, meam ¢ ZnO NoNyYnTb HU3KOYACTOTHbLIN CABUT SHEPTUN
PM3aU no 14 400 cm ™t He yhaeTca faXke B NpeAnosoKeHUU KNacTepoB NAOTHO PacnoONOXKeHHbIX
HaHo4acTul meam (puc. 26).

Takum obpasom, YP-Bua cneKTpoCKONMs MeTaNIMYecKMx KaTanM3aTopoB MOKeT ObiTb

3d)d)eKTMBHbIM MeToaoM ANnAa UX XapaKTtepusauunwu. K coxaneHuio, B HacToAuee BpemAa B
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NMTepaTtype He HaKOMIEHO eLle A0CTaTOYHOro KOAMYeCTBa 3KCNnepnuMeHTabHOro maTepuana, ¢
Tem, 4tTobbl peKoOMeHA0BaTb METOA, A/17 MacCOBOro MCNOAb30BaHMA. O4HAKO, B CBA3U C TEM, YTO
N3MepeHne 3TUX CMEKTPOB ABAAETCA AOCTYMHbIM W AELWEBbiM, MOMHO OXWAATb, YTO €ero
NPUMEHeHWe ANA AaHHbIX uenein byaet pacwmpatbca. OcobeHHO Ha 3TO MOXKHO HapeATbcA
Bcneacteve 3PpPEeKTUBHOCTM MeToda [A/1A M3YYeHUsA Mpouecca HaHeceHUs nepexoaHbIX

MeTanNoB Ha pPa3/IndyHble HOCUTENN U p,aaneHLuero d)OpMMpOBaHVIﬂ KaTa/In3aTopos.

2.8. KonnuectBeHHble uamepeHusa B YP-Bug cnekrpockonumu

2.8.1. 3aKkoH byzepa-/lambepma-bepa

3akoH byrepa-/lambepTa-bepa BHayane Hbin yCTaHOBNAEH IKCNEPUMEHTANIbHO PaAHLYY3CKMM
yyeHbim [Mbepom byrepom B 1729 roagy, Ha OCHOBaHWW UCCNeAOBaHUA 3aBUCUMOCTU CMEKTPOB
NOrNOLLEHNA PA3/INYHbIX BELLECTB B PaCTBOPAX OT ONTUYECKOM TO/LLMHbBI KioBeTbl. MOTOM OH 6bin
paccmMoTpeH HemeuKum ydeHbim  W.I. JlambepTom, M 3aBUCMMOCTb OT KOHLEHTpauuu
PacTBOPEHHOro BelecTBa Oblna YCTaHOB/JEHA 3KCMEPUMEHTA/IbHO, TaKKe HEMELKUM Y4YeHbIM
A. bepom yxe B 1852 rogy. HO 3TOT e 3aKOH /Ierko BbIBECTU aHaUTUYECKM, OCHOBbLIBAACL Ha
npeanosoXKeHn O BepOATHOCTHOM XapaKTepe MOr/OWeHNA KBaHTa CBeTa B Najatowem Ha
obpaseL, cBeTOBOM NOTOKe. HeT HeobxogMmocTM [0Ka3biBaTb, YTO BEPOATHOCTb MOrNOLEHMUA
3aBMCUT OT KOHLIEHTPAaLMW MOFOWAIOLLEro BELeCcTBa, YeM Honblue MONEKyN CBeTa NonajaeT B
CBETOBOM MOTOK, TEM BbllLEe BEPOATHOCTb TOrO, YTO KBaHT «nonaget» B monekyny. O6o3Haumm aty
BEPOATHOCTb cMmBONOM pl. OgHaKo, OYEBMAHO, YTO HE KaXKAbI KBAHT CBETa MOXeT ObiTb
NOrNOWEH MOIeKyNOoN. Bo-nepBbiX, NO 3HEPrMM KBAHT [O/MKEH COOTBETCTBOBATb 3SHEprum
3/IEKTPOHHOrO MepexoJa MOJNEKY/bl U3 OCHOBHOTO B BO3OyXKAeHHOe cocTosHue. Bo-BTOpbIX,
MOCKO/IbKY CyLLEecTBYeT HeKasa BepoATHOCTb nepexofa MOJEeKy/bl U3 OCHOBHOrO COCTOAHUA B
BO30YKAEHHOE, TO HE KaXKAblil KBaHT, «MONaBLIMA» B MOAEKYY noraowaetca. BepoaTHocTb aToro
noraoueHnsa 06o03Haunm p2.

MpeacTaBMM Halwy KHOBETY, COCTOALLYK M3 N CNOEB TaKOM TOALWMHbLI, YTO B HEe MOMKeT
NOMEeCTUTbCA TONbKO OAHA MOoneKyna. Toraa MHTEHCUMBHOCTbL CBETa, Npollelero Yyepes Takom
C/70#, Ha Bxoae B KioBeTy (l;) moxeT bbiTb onpeaeneHa cneayrowmm ypaBHEHNEM:

l1=lgx pl x p2,
roe lo— MHTEeHCUMBHOCTb CBETOBOrO NOTOKA, NOAAHHOTO Ha obpaseL.
Mocne BTOPOro cnos cBETOBOWM NOTOK ByAeT onpenenaTbCA ypaBHEHNEM:
L=l x plxp2 wnan l=lyx pl2 X p22
Mocne cnoeB n CBETOBOWM MNOTOK MOXKET BbITb 3aNMCaH YpaBHEHUEM:

l.=lox p1" x p2"
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3T0 ypaBHeHMe MOXKHO npeobpas3osBaTb K cneayowemy suay: Log (I./lo) = n x Log(pl x p2)
roe n 3To ONTMYecKaa TONWMHA KioBeTbl, a log (pl X p2), 3aBUCUT OT KOHLIEHTPALUM
NOr/IOLLAIOWEro BELLECTBA U BEPOATHOCTU 3NEKTPOHHOro nepexoga. BennuumHy log (pl x p2)
MOHO 3ameHUuTb BbipaxeHnem C-g, rge C — KOHUEHTpauua BeLlLecTBa, a € — MOJAPHbIN
K03dPUUMEHT nNOrnoweHns uam KosdOUUMEHT 3SKCTUHKUMK. Toraa, MOXHO MOJy4YUTb

BblpaeHue, COOTBETCTBYOLLEE YpaBHeHMIO byrepa-/lambepTa-bepa:
Ontunyeckana nnotHocTb = D = A (absorbance, nornouweHune)= €:1-C

AHanormyHbiMm 06pa3om, BbiBOA, ITOr0  BbIPa)KEHUSA  MOXKHO caenatb  nytem
NHTerpmpoBaHua. CneayeT 3ameTUTb, YTO CAeNaHHble Bbille NpeobpasoBaHUs OCHOBaHbI Ha
NPeAnoNoXeHNUNn uaeanbHOW OAHOPOAHOCTM WUccneayemol cucTembl. PakTuyecku, u3-3a
HEOAHOPOAHOCTM OKPYXEHWS MONEeKYNbl WMAM MOHA B pPacTBoOpe, M BO3MOMKHOCTU
OCYLLECTB/IEHUA 3/IeKTPOHHbIX MEPexof40oB B  MONEKyNax, HaxoAAWMXCA B  pPasHbIX
KonebaTtenbHO-BO36YKAEHHbIX COCTOAHUAX, B CNEKTpax HabnoaaloTcsa He oTAebHble IMHUW, a
nosiocbl nornoweHus. MpuHaTbId nogxos B YO-BuMA CNeKTPOCKONUM OCHOBAH Ha M3MEPEHUU
ONTMYECKOW MJIOTHOCTU B  MaKCMMyMe MOJIOCbl  MOM/OWEHNA, XOTA TeopeTuyecKkue
Ko3pPUUMEHTbI NOrNOWEHNA Bceraa nNPeAcTaBAATCA B MHTerpanbHon ¢opme. Takoe
pa3HOYTEHME He [AO0/KHO CMyLaTb CNeuuanucToB, HayMHawlWwMx pabotatb B obnactu
ONTUYECKOM CMNEeKTPoCKonuu. Bo-nepBbix, M3-3a NepeKkpbiBaHUA MOAOC noraoweHna B YO u
BMAMMOM [AManasoHaX WMHTErpupoBaHWE WHTEHCMBHOCTU MONOCHI MOT/IOWEHUA MOXKET 6biTb
COENaHO TOMbKO C 60/bWOW NOrpelwHocTbio. Bo-BTOPbIX, HAa WMHTEHCMBHOCTb MOAOCHI
NOr/IOWEHNA B MAaKCUMyMe He BAUAET pasnyue YCNOBUA pPernctpaumm cnektpa (Ha pasHbix

npunbopax 1 Npu pasHbIX TeMNepaTypax).

2.8.2. dusuyecKue OCHO8WbI, onpeaenmou,que 8epoAMHOCMb noe/soWeHUA KeaHmoe

ceema moseKkyanamu eewjecmeda

KoapPpULUMEHT 3KCTUHKUMK, FNaBHbIM 06pa3om, 3aBUCUT OT CBOMCTB MOT/IOLLAOWEro MOHA
uaM  nornowgatouiero BewectBa. COrnacHO  KBAHTOBO-XMMWUYECKMM  MPeACTaBAEHUAM,
KO3)OULMEHT IKCTUHKLMM ONpesenseTcs BepoATHOCTbIO nepexoda MOJEKY bl U3 OCHOBHOTO
COCTOAHMA B BO3OYKAEHHOE COCTOAHWE, W 3Ta BEPOATHOCTb MOXET 6biTb 3anucaHa Kak
WHTErpan nepekpbiBaHUA:

P=Jpp*
Bonee HarnAgHoO 3TO MOXHO MNpPeACTaBUTbL caeayowen cxemon (puc. 27) Ha npumepe

MONEKYNbl 3TUNEHA:
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Puc. 27. Cxema 0015 06bsICHEHUSA Npupoobl KoagguyueHma noaaoweHus, ucxoos us ceomempuu
opbumarneli 0CHOB8HO20 U 8036y3HOeHHO020 COCMOSAHUS, HA NpUMepe 3MuseHd.

Korga monekyna HaxoguTca B OCHOBHOM COCTOAHMM, SNEKTPOH MOMKET HaxoAuTbCA B
obnactu npocTpaHcTBa, OOO3HAYEHHOM CMMBOJIOM T, KOrAa MOJIeKy/Na HaxoauTca B
3N1eKTPOHHO-BO30YKAEHHOM COCTOAHUWU, INEKTPOH MOXKeT OblTb B 061acTU NPOCTPaHCTBA
0603HayeHHOM cumBosiom Tt*. NOCKO/IbKY Macca poToOHa HECOMOCTaBMMa C MaCCOM 3/IEKTPOHa,
TO 0Y4€BUAHO, YTO CTONIKHOBEHUE POTOHA C 3/IEKTPOHOM HE CMOKET NPUBECTU K CYLLLECTBEHHOMY
M3MEHEHUIO MOJIOXKEHMA 3NEeKTPOHA B MNpPoOCTpaHcTBe. [103TOMY, TONbKO €CAN 3/EeKTPOH
HaxoamuTca B 06nacTM nepecevyeHUss B MPOCTPAHCTBE obeux opbutanei, M OCHOBHOMU, U
BO3OY)KAEHHOM, 3N1EKTPOH CnocobeH MoOrnoTUTb 3HEepruto  CBETOBOro KBaHTA. TaKoe
npeacTaBieHMe ABNAETCA MEeXaHWUCTMYECKMM, HO YyaAobHO ana obbacHenuAa. Ewe 6onee
MEXaHUCTUYECKM 3TO MOXKHO MNPeACTaBUTb Ha MPUMEpe ABUXMKEHWUS MNoe3[0B Ha CTPesKax.
CTPEeNOYHUKY [O0CTAaTOMHO HEebONbLWOro yCUnusA, YTobbl U3MEHWUTb Hamnpas/ieHUE TAXKENoro
rPy30BOro CoCTaBa C MyHKTa A B NYHKT B, HO OH [l0/)KEeH HaxoAuTbCA PAZLIOM CO CTPEKOWN B
MOMEHT NpUbAMKEeHMA noesaa, YTobbl ObiTb YBEPEHHbIM, YTO CTPEJIKA CTOUT B MPaBU/IbHOM
nonoxeHnu. Takoe mexaHUcTu4eckoe obbAcHeHMe 0cobeHHO MnoJsiesHO AN1A 06bACHEeHUs
HU3KOW WHTEHCMBHOCTM MONOC nNorioweHua d-d-nepexonoB ANA KAaTMOHOB MepexoaHbIX
3/1emMeHToB. [OnA MOHOB MNEpexoAHbiX 3/1eEMEHTOB B BaKyyme Bce d-opbutanu ABAAtoTCA
OpPTOrOHa/NbHbIMW, TO €CTb B MPOCTPAHCTBE OHW He nepecekatoTca. ToNbKO npwu
B3aMMOAEencTBumM ¢ opbutanamm nuraHpos 3TM d-opbuTtanm cTaHoOBATCA TMBPUAHBIMK U
nepecTatoT 6biTb NONHOCTbIO OPTOroHaNbHbIMWU. Bcneactsue 3toro, nossnsetca Hebosbluas
BEPOATHOCTb d-d 3NEKTPOHHbIX MEPexoaoB, U B CMEKTPaX KaTMOHOB MepexoAHbiX 31eMEHTOB
HabntoaatoTca cnabble NOOChI NOT/IOLWEHMS.

MoXHO 3aaTb BOMPOC, @ KaKoe OTHOLIEHWE 3TO MOXET UMEeTb K pPeasibHON XKU3HKU?
Hannume cnabbix no MHTEHCUBHOCTU d-d-nepexonoB obecrneydymBaeT OKPACKYy OKPYXKaoLUX
npeamMeToB, a HU3KME KO3IOODUUMEHTbI MOTr/MOWEHUA MNPUBOAAT K TOMY, UYTO OKpyKatolme

NnpUpoAaHble NpeaMeTbl He YepHble. [lencTBUTeNbHO, KO3OPULMEHTLI SKCTUHKUMK (Taba. 3) ans
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d-d-nepexonoB HaxoaAaTcA NpubAn3nTeNnbHO B MHTepeane 10-100. [na nornowatowero cnos B
1 cm 3TO 03Ha4vaeT, 4YTo ToNbKO 1 % cBeTa MoXeT NPonTn Yepe3 obpasel, coaeprKalinii Bcero
0.2-0.02 monb/n nornouwatollero Beuwectsa. A 3TOT OAMH MNPOLEHT YXe COOTBETCTBYeT
NPaKTUYECKN YepHOMY Teny. Ecam bl KO3ddULMEHT NOFNOLEHNUA COCTaBaAN BeanunHy 10%7,
KaK 41A NoiocC nepeHoca 3apaga, To 3HaYeHuAa meHee 1% npolweawero cBeta 40CTUraAUCh Obl
NPU KOHUEHTpauuA nopagKka 10™*-10" monb/n. OpHako, NOCKONbKY NOIOChI NepeHoca 3apAaga
06bl4HO HaxomATcA B ynbTpadmonetoBon 06NaCTU CNEKTPOB, HEBUAMMOWN YenoBe4YeCKOMY
rnasy, OKpPY)Kalowuii Hac MUp ABNAETCA LBETHbIM, @ He YyepHo-6enbiM. MOXKHO yTBEPXKAATb,
npuvpoga crneuuanbHO BbIAEAMNA ANA 3PEHUS 4YesioBEKA AManas3oH, rAe HeT CUAbHO
NoraoLWarLWwmx cBeT Bewects. B Tabavue 3 aaHbl OPUEHTUPOBOYHbIE 3HaYeHNA KO3dPULMeHTOB
3KCTUHKUMM ANA HEKOTOPbIX MEPEXOA0B OPraHMYECKMX MONEKYS U WMOHOB MepPexosHbIX

3/1EMEHTOB.

Tabauya 3. KoaghgpuyueHmeol noesouw,eHus, xapaKkmepHsie 05 070C OpP2aHUYECKUX coeOuHeHul u

UoHo8 nepexode/x 371emMmeHmaos.

BewecTtBo Twun nepexoaa KoadpopumumeHnT Mpumepbl CrneKTpanbHbIN
3KCTUHKLUUMU coeguHeHum AManasoH
OpraHuyeckue n->n* 10" OneduHbl, Yo
n->n 10° KapboHUNbHbIE Yo
coeguHeHun
coeguHeHun
n-> m* 10* ApomaTtunyeckue, Buanmblit
a/IKeHWUNbHble
KapbKaTUOHbI
KaTnoHbI d->d 10-10° Co,Cu,Ni,Cr Buaumbii
nn3 10" Yo
nepexoaHbIxX v —
nn3 10 KaTuoHbI TAXKENbIX Bnavmoin
3N1eMeHTOoB MEeTaNNoB,
Hanpumep Ru

2.8.3. [lMpakmuyecKkue memoObl onpedeneHusa KOHUYeHmMpayuu eewecmea 8

20MO2eHHbIX cpedax u3 0aHHbIx YP-Buo cnekmpockonuu

Y®-Bug CcrnekTpoCcKonMA HaxoAUT LMPOKOE MNPUMEHEHME ANA U3YYEeHUS XMMUYECKUX
npoueccos, NPOTEeKaloWMX B pacTBOpax. JTO, NpeXae Bcero, o6ycnoBAEHO BO3MOMKHOCTbIO C
NOMOLLBID 3TOr0 MeToda W3MepPATb KOHLEHTpauum WOHOB WM OpraHMYEeCKUX BeLwecTB B
pacTtBopax. M3mepeHne OCHOBAaHO Ha MCMOAb30BaHMM 3aKkoHa byrepa-/lambepTta-bepa. Mpwu
3TOM, nonaran, 4YTo KO3OOUUMEHTbI IKCTUHKUMM HE WU3MEHSAIOTCA, MOXHO MCMNO/b30BaTh
pa3nnyHble npuvembl pacdyeToB. CambiM MPOCTbIM ABAAETCA CNOCO6 CONOCTaBNEHUA C KAaKUM-
nnbo atanoHom. Ha puc. 28 nokasaH npuMmep UCNoAb30BaHMA TaKoro npuema gna pacTBoposB

WweCTUBaNeHTHOIo Xpoma.
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Puc. 28. Cnekmpbi pacmeopos coeduHeHul wecmusaseHmMHoz20 xpoma (noaaoujeHue = D)

Peructpupyerca cnekTp 3TaNOHHOrO pacTBopa (CTaHAapT) M M3MepsAemoro pacTBopa.
Janee no npuseaeHHbIM HUXKe GOpmMynam BbIYUCNAETCA KOHLUEHTPauMa LecTUBANIEHTHOIo
Xpoma B nccnegyemom pacrtsope. O6bl4HaA TOYHOCTb TAKUX U3MEPEHMI He NpeBblWwaeT 2-3 %.

€= ACT/(CCT'|CT)I
€ = Ax/(Cx'lx).
lc.= Iy, € = const.
Aci/Cer = AY/Cy,
Cx = (CerAx)/Acr

TouHoCTb MBMEPEHMVI MO>XHO NOBbICUTb, eC/I1 UCNOJ1Ib30BaTb 3Ha4Y€HUA HE TOJ/IbKO B MaKCMMyMme

NOOCbI NOMNIOLEHMA, HO M MO BCEMY M3MEPSEMOMY KOHTYPY NOJOC NOroLWweHus (puc. 29).

= 0,34 1 CpepaHana senuyvHa B guanasoxe = 0,32895
® o TOYMHOCTE OTHOWeHWA 0,04%
25
I £ 033-
S
gz
S ¢ 0324
s T T T 1
20000 25000 30000 35000 40000
o 0,050 - OTHOLLIEHMe UHTEHCUBHOCTW B Makcumyme = 0,3255
: 28400
(0]
3
g 0,025 -
]
c
0,000 -
20000 25000 30000 35000 40000

BonHosoe uucno, cm-!

Puc. 29. amepeHue KOHYUeHMpayuu ¢ Ucrnoab308aHUemM amasaoHHO20 pacmeopa u
8ce20 KOHMYpPaA 3ape2ucmpupoB8aHHO20 Crekmpa (Ha npumepe pacmeopos
wecmueasneHmMHo20 Xpoma,).
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[Ona 3TOro WMHTEHCUMBHOCTM 3aperMcTPpMpOBaHHbLIX CMEKTPOB 3TajsioHa W UCCAeAyemoro
BELLEeCTBA BO BCEM CMEKTPA/IbHOM AMana3oHe AenATca Apyr Ha Apyra. BoiaenseTtca gmManasoH, rae
HabnaalTCA NOMOCHI MOFNOWEHUs, MO KOTOPbIM MOMKHO WAEHTUPUUMPOBATL U3Mepaemoe
BewectBo. ObpesatoTcs obnactu, rae MHTEHCMBHOCTb Noaocbl MeHee 10% OT MaKCMMasbHOrO
3Ha4yeHMA 1 obnacTb, rae TOYHOCTb U3MEPEHUA MHTEHCMBHOCTM CMEKTPOMeTpom meHee 1%, v B
3TOM ApMana3oHe onpeaenstoT ycpeaHeHHoe OTHOLWEeHMe MHTEHCMBHOCTEN 06pa3La M 3TaNoHa. ITo
NO3BONAET YBE/IMYUTb TOYHOCTb M3MEPEHUIN B HECKONBbKO pa3. Ha pucyHke 29 (BBepxy) NokasaHa
JIMHMA, OTBEYAIOLLAA OTHOLLEHWIO WHTEHCMBHOCTEM. BMAHO, YTO OTHOLWEHWE He npeacTaBnfeT
coboM NPAMYIO IMHUIO, YTO CBA3AHO ¢ AByMA dakTopamu. MNepBblit GaKTop — 3TO MOrpeLHoCcTH
CNEeKTPOMETPa, a BTopon paKkTop — Hamume B 06pasuax Kakux-nMbo npumeceit. MicnonbaoBaHume
CNEKTPaNbHbIX AaHHbIX ANA MAEHTUOMKauMKM npumecen byaeT pacCMOTPEHO Aanee.

B Tom cnyuyae, Korga 3TasioHbl OTCYTCTBYIOT, HEOHXOAMMO MPOBOAUTb KanMOPOBOYHbIE
nsmepeHua. [ns 3TOro roTOBMTCA HECKO/IbKO PacTBOPOB C M3BECTHOM KOHLUEHTpauuen
aHanM3Mpyemoro BelLecTsa. [lanee cTpouTca KaaMbpoBouHbIn rpaduk (puc. 30) 3aBUCMMOCTH
WHTEHCMBHOCTU aHA/NIUTUYECKON NIMHMWU OT KOHLEHTpauuu BewecTBa B pactesope. Ecam B
pesynbtate TakMx U3MepeHUn NosydaeTcs MHEMHAs 3aBUCUMMOCTb, TO M3 3TOM 3aBUCUMMOCTU
HaxoauTcAa KO3GOULMEHT IKCTUHKLMM MO ceayowemMy ypaBHEHUIO:

e=A/C,
roe A — nornouweHve B MakCcMMyme nosocbl, C — KOHUeHTpauua B monsax/n, | — ontuyeckasn
TO/ILLMHA KIOBETbI B CM.

'y

Puc. 30. KanubposoyHsili epaghuk 0as usmepeHus
KOHUeHmpayuu eeuwjecmaa 8 pacmeope.

MOCKONbKY NMHEWHas 3aBUCMMOCTb MOKEeT OblTb Mo/yYeHa TONbKO Npu  CTPOrom
HEM3MEHHOCTU KO3OPUUMEHTA 3SKCTUHKLMM, B HEKOTOPbIX CAy4asX Ka/iMOBPOBOYHbIN rpaduk
nosy4yaeTca HeiMHeNHbIM. OTKIOHEHUA OT IMHEMHOCTU ABNAIOTCA CBUAETENbCTBOM HecobntoaeHna
3aKoHa byrepa-/lambepTa-bepa, HO He NPENATCTBYIOT M3MEPEHUAM KOHLLEHTPaLMKN B PacTBOpE, TaK

KaK KOHUEHTpauuto BewectBa B aHA/IM3NPyeMomM pPacTtBope MOXKHO HaVITM, npeanonoxus
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JIMHEMHYIO 33aBUCMMOCTb MHTEHCMBHOCTM OT KOHLIEHTPAUMM B ABYX TOYKAX, MeEXAYy KOTOPbIMM
nonana UHTEHCMBHOCTb aHAIMTUYECKOM NO0ChI UCCNEAYEMOrO PacTBOpPa.

NoeHnmughukayusa npumeceli 8 uccnedyemoix sewecmsax. B page cnyvyaeB ¢ NOMOLbIO
meToga YO-Bua cnekTpockonuu B Uccnegyembix pactBopax yaaeTcs oO6HapyXuMBaTb NpPUMECH.
Hanpumep, B TeTpaammuakaTax NaaTMHbl MOryT ObITb MPUMECH KOMIMIEKCOB C APYIMM 3apsiaom
KaTMOHa NAATUHbI AN YaCTUYHO TMAPOAN30BAHHbIE MOHbI. TaKMe NPMMECH CIOXKHO HaXoaUTb C
NOMOLLbIO XMMWUYECKOro aHasnunsa, a metog AMP He no3sonaetr HaxoAUTb NPUMeECU MPU UX
HM3KOM KOHUEeHTpauuun. Ona noucka npumeceint ¢ nomouwbio YO-Bua cnektpockonum moxet
6bITb UCNOJ/Ib30BaHa cneayoLwas MeToA010rus.

MepBbIn 3Tan — U3MEpPEHME CMEKTPOB aHa/M3MPYEMOrO BELLECTBA M COMOCTaB/IEHUE C
nTepaTtypHbIMM AaHHbIMK. EChn B pacTBOpe NpUMeECHbIX KOMMAEKCOB HEMHOIO, TO M3 CNEKTpPa,
KaK NpaBuio, 06HapyKnTb NOCTOPOHHUE COEAMHEHMA He yaaeTcs.

Btopoi 3tan — peructpaums CrneKkTpa rapaHTMPOBAHHO YMUCTOrO BellecTBa (3TasoHa), u
COMOCTaBNEHME MOJIYYEHHbIX CNEKTPOB (M3 3Tana 1 m 3Tana 2) Ha ogHOM pucyHKe. Ha puc. 31
npuBeAeHbl ABa CNeKTpa TeTpaammuaKkata nnatuHbl (ll), oguH M3 KOTOPbIX CTPOrO COOTBETCTBYET
3TOMY COeANHEHUIO, a BTOPOM, 60/1ee MHTEHCUBHbIN, MOXKET COAEpPKaTb MPUMECH.

2,5

PacrBop BellecTea, rae mMoryT BeITb Nnpumecu
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PacTBOp BELLECTBA - 3TanoHa
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T
30000 40000
BonHoeoe 4ucno, om!

T
20000

Puc. 31. Y®-Buod cnekmpesi pacmeopos 08yx pa3sAuyHbix 06pa3yoe mempaammuarkamos
dsyxsaseHmHoU naamuHbl

Kak BnaHoO m3 puc. 31, cnekTpbl 060MX BELLECTB MPAKTUYECKM TOMAECTBEHHbI M OTMYAOTCA
Wb MO MHTEHcMBHOCTU. OAHaKo, ecnn A06aBUTb KPUBYHO OTHOLLEHWUA UHTEHCUMBHOCTU (puc. 32),
BMAHO, 4YTO, B OT/IMYME OT pUC. 29, OTHOLIEHME WMHTEHCMBHOCTEM CMEKTPOB ABYX PACTBOPEHHbIX
BELLLECTB CUNbHO M3MeHsieTca B amana3oHe oT 30000 go 45000 cm™. To ecTb M3 OTHOWeHWs
WHTEHCMBHOCTEN ABHO CNeAYET BbIBOA O HA/IMYMM KAaKUX-TO MNPUMECEN.

TpetuiAi 3Tan — BblYMTAHME CMEKTpPa OCHOBHOro BellectBa. Ecanm M3 cnekTpa
QHANN3UPYEMOrO BELLECTBA BbIYECTb CMEKTP 3TAa/NIOHHOMO BELLECTBA, MOMKHO NOJMYYUTb CNEKTP

npuMmecen, KOTOpbl NokasaH Ha pwuc. 33. Mpu BblMUTAHUKM CAedyeT UCNONb30BaTb 3HAYEHMUA
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CpeAHel BeNYMHbI OTHOLIEHUS MHTEHCUMBHOCTU B 061aCTU onpeaeneHns KoHUeHTpauun (K) u

BblYMTAHWE NPOBOANTbL MO YPABHEHMUIO:
- *
Anpvw\ecm = Anp06b| —K AaTanon—la

B pe3synbTaTe yaanocb Noay4mTb CNEKTP, MOKa3aHHbIM Ha puyc. 33, OTKyAa YA3anoCh YCTaHOBUTD,
YTO Kpome TeTpaaMmMaKaTa 2-X BaJIEHTHOW MAaTUHbI B aHanu3Mpyemom obpasue MmetoTcs

npumecu TeTpaammmakara 4-x Ba/ZIEHTHOM NNATUHbI U xnopug ,D,BYXBaJTEHTHOﬁ NNAaTUHDbI.

OTHoLweHne
MHTEHCUBHOCTEN
N
1

O6nacTb onpefeneHns KOHLEHTpaLum

1 T T T T
25000 30000 35000

I ' I
40000 45000

2,5 4
J PacTeop BewecTsa, rae MoryT 6bITs NpUMecH
O 2,04
§ 4
GHJ' 15
5 054 3
= 00 PacTBop BewecTsa - 3TanoHa
T T T T T T T T
25000 30000 35000 40000 45000

BonHoBoe uncno, cm!

Puc. 32. CpasHeHuUe CHAMbIX CrieKmMpo8 U Kpueoli omHouweHus UHmeHcusHocmel
014 08yXx pacmeopos mempaammuaKamos naamuHsl.

0,04 - CNEKTR MEMMECHB COEAMHEHKEA PtCIf’
=
iy

24 @©
) 0,03 [Pt(NH,),CL] &
= =
T =
hE} =
3 0,024 @
=
L]
-
0,014
e

15000 20000 25000 30000 38000 40000
BOMHOBOE YMCNo, Chi'

Puc. 33. Cnekmp rnipumecHbix coeOuHeHuli 8 0bpasye mempaammuakama
dsyxsasneHmMHoU naamuHsel.

N3 MHTEHCMBHOCTM NOI0C 0BHAPYKEHHbIX KOMMNIEKCOB (pPUC. 33) MOXKHO NPOBECTU OLEHKY
MOJIbHOTO COAEep}KaHMA Npumecei B OCHOBHOM BellecTBe. B AJaHHOM KOHKpPETHOM npumepe

npUMecei Coaep*KUTCa okono 5 mon. %.

65



2.8.4. OcobeHHOCMU MemoOuKu Augpgpy3HO20 ompaxrceHuUs

Mpu wncnonb3oBaHUM MeToaa AU Y3HOro OTParKeHMA BO3HWMKAeT psaf npobnem,
NPenATCTBYIOWMNX KOIMYECTBEHHbIM U3MEPEHUAM. ITO 06yCNOBNEHO, NPEXKAE BCErO, TEM, YTO B
OT/IMYME OT PerncTpaLumn CNeKkTpoB PacTBOPOB M ra3oB TPYAHO UM MPAKTUYECKU HEBO3MOMKHO
onpeaenvTb KOAMYECTBO MaTepuana, OT KOTOPOro pPerucTpupyerca curHan. TunuuyHas
npoueaypa CbeMKKU CMeKTpa COCTOUT B TOM, YTO 06pasupbl B BUAE MOPOLUKOB C Pa3/INYHbIM
pa3smepom 3epHa (OT CYBMMKPOHHbIX pa3mepoB A0 1-2 Mm) 3acbinatoTcA B KHOBETbI WM
rotoeatcA B BuAe Tabnetok. CNeKTpbl CHMMAKOT C MCNO/Mb30BaHMEM TaK Ha3blBaeMbIX
nHTerpupytowmx cdep. Ha puc. 34 nokasaHa cxema TaKoW MHTErpupytoLLei chepbl Ha Nnpumepe

cnekTpodoTomeTpa UV-2501 PC c npuctaskon anddysHoro otparkeHus ISR-240 A.

efika AnA p

. MPONYCKEHWA PACTBOPE i
B / /i -

e f'.'l

_~, Fluefika nA pacTeopa
“. &’ CPaEHEHWA

/
1}

DOTOYMHONHTEND

Puc. 34. Yempolicmeo npucmasku dughghyzHo2o0 ompaxceHus (UHmezpupyroujeli cghepsi).

B kauectBe obpasua cpaBHeHUA MUcnonb3yT BaSO, 6enoro useTta, nosaras, 4To ero
KoadpduumMeHT oTparkeHna 6am3ok K 100 %. [Mocne pernctpauum CnekTpa OTpaXKeHusA
nccnegyemoro obpasua Bce Ko3pPUUMEHTbI OTpaKkeHus nepesoaaT B  Ko3QOUUMEHTbI

NornoweHma ¢ noMmoLpbto pyHKkLMKN Kybenkm-MyHKa:
F(R)=(1-R)?/2-R = €-C/S,

roe R — KoapdUUMEHT OTPaXKEeHUA BELLECTBA, € — KOIPPULMEHT IKCTUHKLMM, C — KOHLEHTpaLMA
nornowarmwmx rpynn, S — koadpuumeHT paccesHusa obpasua.

Takas OYHKUMOHANbHAsA 3aBUCMMOCTb MeXKAY WHTEHCUMBHOCTbIO PaCcCeAHHOro CBeTa U
CcBOMCTBaMM BellecTBa bbina BbiBegeHa B 30-x rogax ABaAuUaToro BeKa ABYMS YYEHbIMU —
Kybenkon n MyHKOM Ha OCHOBaHMM TOro, YTO B MOPOLWKOoObHpasHOM obpasue MMeeT MecTo
CUNbHOE paccesaHuWe cBeTa, NoKasaHHoe Ha puc. 35. MOCKONbKY X04, OTAENbHbIX Nyyel cpeam
HaHOKpUCTanioB o06pas3ya CUAbHO HanomuHaeT auddysHoe nepemelleHMe MOJIEKYN B
NPOCTPAHCTBE, TaKOM BWUA, OTPA’KEHMA, B OTAMYME OT 3ePKa/IbHOrO OTPaXKEeHWA, MNOoAy4Yun

HanmeHoBaHUe ANPPY3HOro OTParKeHus.
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Mapatowmnn nyy
.- OTpaxeHHble ny4n

T

R
Cr

O6pasey,

Cxema npoxoxaeHus
OTAEMbHbIX Nyyein

O6wasn cxema oTpaxeHus ceeta
OT nopowkoobpasHoro obbekTa

Puc. 35. Cxema ompaxceHus ay4eli npu 0bay4eHuUU MopouKoobpa3Hoz2o eewecmad.

Jlerko yBmAaeTb, YTO KOZIMYECTBO OTAE/IbHbIX YaCTUYEK, Yepe3 KOTOPble NPOXOAUT KaKAabli
OTAENbHbIN Ny4, He ABAAETCA MNOCTOAHHbIM. B ToXe Bpema pasmep 4YacTU4YeK, O0OblYHO
COCTaBNAOWMNIN BEANYMHY nopaaka 5-10 MKM, He NO3BOSIET PACCMATPMBATL MX KaK eAWHYHo
MOrNOWAloLWY0 CUCTEMY M3-3a TOrO, YTO 3HAYMTENbHO NpeBbllaeT AJMHY BOJIHbI CBETa B
Buanmom un Y® amnanasoHax (0,19-0,7 mkm). [Mo3TOMy Ha KaKAaoM rpaHn YacTUUKK (Kpuctanna)
NPOUCXOAAT aKTbl TAKME Ke, KaK Ha KPYMHbIX KPUCTaNNax — TO eCTb OTPAXKEHWE U NPeNoMAEHNE.
B pe3ynbTaTe, B3aMMOAENCTBME N1y4a NPOUCXOANT C HECKONbKMMM YacTULAMK A0 TeX Nop, NnokKa
Nyd He BbIMAeT u3 obpasua, HO XO04 ANyya onpenenserca CAy4aMHbIM PAchofIoKEHUEM
OTAENbHbIX YacTuyeK. [pn TaKoOM PacCMOTPEHUM ABHO BMAHO, YTO YEeM CUJ/IbHEE paccemBaeT
obpasel, TEM Ha MeHbLUY FyOUHY CBET MOXKET NPONTU BHYTPb Noraowatowero cnod. danee
OYEBUAHO, YTO YeMm rNybxKe CBET npoles, TeM ¢ 60/blWMM KONMYECTBOM MOMOLWALWMX rpynn
WA MONEKY/Nl OH MPOB3aMMOAENCTBOBA/, A MOI/IOWEHMNE KaXKAO0M TPynnbl UAM MOJIEKYNbI
onpeaensietca Ko3dPUUMEHTOM 3IKCTUHKLMKU. TakMm ob6pasom, KayecTBeHHOe 0b6oCHOBaHWe
ypaBHeHusa Kybenkn-MyHKa A0CTaTouHO ACHO.

NHTepeceH aHaNM3 NPOLLECCOB, NPOUCXOAALLMX MPU NPOXOXKAEHUM CBETA Yepes NopucTblie
reTeporeHHble KaTaamsaTopbl. Pasmepbl 4YacTuu, B AMCNEPCHbIX KaTa/an3aTopax COCTaBAsOT
0,02-0,1 mKm. MO3TOMY MOHO OXMAATb, YTO OHWU AO0NKHbI BECTM ceDBA, KAK MaKPOMONEKY/bI,
TO eCTb ObITb OAHMM MOr/oWatoWNMM 06bekToM. O4HAKO 3TU OTAENbHbIE YAacTULbl CBA3aHbI B
arperatbl C pasmepamn He meHee 5 MKMm. [ns cBeTa arperaT, OKasblBaeTcA, BeAeT cebs
noaobHO oTAenbHOMY KpucTanay. 3TO MO3BOJAeT cAenatb BbiIBOA O TOM, 4YTO B
3/IEKTPOMArHMTOM MoJie NPOUCXOANT CUHXPOHHAA NMOJAPMU3aLMA BCEX aTOMOB arperata. ITum
e KayecTBOM 06/1a4al0T asporenin, KOTOpPble COCTOAT U3 HeperyasapHO PacnoNOXMKeHHbIX
HaHOYACTUYEK OKCMAA KPEMHMUsA, HO pacCceAaHMe CBEeTa MPOUCXOAMUT TONIbKO Ha BHELIHeM

NOBEPXHOCTU 610Ka asporena n Ha I,CI,E(I)GKTaX NNOTHOCTU BHYTPU €ro.
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CneactBMemM 3TUX 3aKOHOMEPHOCTEN MPOXOXKAEHUA CBETA B AMCNEPCHOW cpee ABAAeTCA
TO, YTO TONbKO AnAa 06pasuoB, MMEHLWUX OAMHAKOBLIN KOIPPUUMEHT pacceaHUAa, MOXKHO
0XMAATb CYLLECTBOBAaHME CBA3EM MeXAY KOHUEHTpaUnenh u U3MepPEHHOM BEUUYNHON QYHKLMUM
F(R). Mpu 3Tom cneayetr 3ameTUTb, UYTO B pe3y/nbTaTe MOJIOKEHUE MOAOC B CREKTpax
aacopbupoBaHHbBIX MOJIEKY/T OXMMAAETCA TAKMM 3Ke, Kak B pacTBopax. Ho cooTHoweHwue
MHTEHCUBHOCTEM Pa3HbIX NMOIOC B CMEKTPE KAaKOro-1Mb0o BELLECTBA MOXKET 3aMETHO OT/INYaTbhCS,
ec/iv Habngaemble NONOCHI NOT/IOWEHUA NeXaT AaNeKo APYr OT ApYra, Tak Kak KoapduumeHt

pacceaHnA TakxKe 3aBUCUT OT AJZIMHbI BOJZIHbI NadatoWwero CBeTa.
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Puc. 36. Cnekmpbl OKcuda aaoMUHUSA, MPONUMAHHO20 HUMPAamom Kobasabma 8 pasHbIX KOaAu4ecmasax:
1—1mmonb/2, 2 — 2.2 Mmornb/2, 3 — 4.4 MMOsb/2 U 3a8UCUMOCMb UHMEHCUBHOCMU 10/10CbI
19500-19600 cm™ om Konuvecmsa HaHeceHHO20 Humpama kobassma.

Ha puc. 36 npuBeaeHbl cnekTpbl 06pa3LOB OKCUAA aNtOMUHUA, MPOMUTAHHOIO Pa3HbIM
KONMYeCcTBOM HUTpaTa KobanbTa. M3 aHannsa pucyHka 36 BUAHO, YTO MHTEHCMBHOCTb MOOCHI,
No KOTOPOM MOXHO MAEHTUOULMPOBATbL HUTPAT KobanbTa, MPONOPUMOHANbHA KOAMYECTBY
HaHeCceHHOro HMTpaTa KobanbTa.

Opyraa ocobeHHocTb MeToda ANPPY3HOrOo OTPaXKEHMA COCTOMT B TOM, YTO YpPaBHEHME
Kybenkn-MyHKa He nNpPUMEHMMO K CWUAbHO NOrAoWawWwmMm obbekTam. HenpumeHMmocCTb
obycnoBneHa Tem, 4YTo rnybuHa NPoHMKHOBEHMA B 0bpasel, cBeTa HayMHAET CUbHO 3aBUCETb OT
KoappuumeHTa nornoweHuna €C. Yem nornoweHme Bbilwe, TEM HA MEHbLUYO TNYOUHY CBET MOXKET
NPOHMKHYTb B 0bpasel,. OaHaKo nepecyeT CneKTpa M3 WKanbl oTpaykeHus B WKany F(R) Bce paBHO
OCTaeTca uenecoobpasHbiM, Tak Kak No3Bo/seT bonee HaraaHO MAEHTUOMLUMPOBATL B CMEKTpax

MaKCMMYMbl NON0C NOrAoLeHus. NMpumep 3Toro nokasaH Ha puc. 37.
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Puc. 37. lpedcmasneHue cnekmpa Ougghy3Ho20 ompareHus OKcuoda xpoma
8 WKase ompaxceHus u 8 wkane F(R).

M3 pucyHka 37 BMAHO, YTO MAKCMMyMbl MOAOC MOrNOLWEHMA, eaBa BUAHbIE B CMEKTpe,
npeacTaB/eHHOM B LWKane OTPa*KeHUs, ABHO NponucaHbl B WKane F(R).

N nocnegHee, 4TO HEOBXOAMMO OTMETWUTb, — 3TO HEBO3MOXHOCTb MM OLWMOBOYHOCTbL
npMema AN MNOAYYEHUA XOPOLO BUAMMbBIX CMEKTPOB MCMONb30BaTb pa3basieHne obpasua
NMOPOLLKOM XOPOLIO OTpaxKatwuwero sewectsa. Mpobnema cocToutT B TOM, YTO ANA CUAbHO
nornowatouero obpasua Kaxaas oTAefibHaA YacTvua, NPy MPOXOXAEeHMM yepes Hee CBETa,
MorKeT nornotutb 90 n 6onee % ceeta. CnegoBaTenbHO, KOIMYECTBO CBETA, NpOLLeALIEro Yepes
YyacTuLy M OTPaXKEeHHOro BO BHELLUHIOW cpeay, Aanee pasbasutenem, byger cymMMMpoBaTbCA CO
cBETOM, BOOOLLE He MOoMaBWWMM Ha 4acTuuy uccnegyemoro obpasua. B pesynbtate byget
HabNo4aTbCA CYLECTBEHHOE WUCKa*KeHMe CNeKTpa, CHUMEHWE WHTEHCUMBHOCTU M NosB/eHue

ynaouweHHbIx no ¢opme nukos (puc. 38).

WamepeHHan ¢ pa3basneHnem
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Puc. 38. UckaxceHue criekmpos npu pazbasaeHuUU cuabHO noaaowarouux obpasyos
OKCUOOM Maz2HUSA Unau cyasgpamom bapus.
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Taknum obpasom, metoamnKa amuodedy3HOro oTpaxkeHuna obnagaet pagom HeL0CTaTKOB, U3-3a
KOTOPbIX KOJINYECTBEHHbIE WM3MEPEHUA CYLLECTBEHHO 3aTpyAHEeHbl. [NaBHbIM OrpaHMYeHUem
ABNAETCA BAVAHWE pPa3INuUI B KOIPPUUMEHTax oOTpaxkeHusa pasHbix obpasuos. osTomy
MOYHO PEKOMEHA0BaTb MCNONb30BaTb 3TY METOAMKY TONbKO ANA KAYECTBEHHOrO CPaBHEHMUA
06pa3LoB C MCNO/Nb30BAHMEM OLHOFO M TOrO e HocuTena. Mpu 3TOM, Ba*KHbIM yC/0BUEM
KOPPEKTHOIO CPaBHEHWA ABAAETCA OAMHAKOBAA BNAXKHOCTb M3y4aemoro obpasua. Ha 3To
Heobxoammo 06paTUTb BHMMaHME B CBA3M C Tem, 4TOo MeTog YP-Bua cnekTpockonuu
ANPPYy3HOro OTpaKeHUAa MONE3HO MCMO/b30BaTb MPWU M3YYEHUU NPOLECCOB MPUTrOTOBAEHUA
KaTa/aM3aTopoB, HayMHaA CO CTaguMW NPONUTKKU. Bna)KHOCTb, TO eCcTb N/AeHKa BOAbl Ha
NOBEPXHOCTU YacCTUL, KaTa/nM3aTopa, YMeHblaeT KO3IGOUUMEHT NpenomaeHUA Ha rpaHuue
BO34yX — MOBEPXHOCTb. Kak NpaBuao, KO3apPUUMEHT pacceaHMA M3-3a 3TOFO YMEHbLUAETCA U,
CNefoBaTENbHO,  3aPErucTpUpOBaHHbIE  WUHTEHCMBHOCTM  MOJIOC  MOM/IOWEHUA  3aMeTHO
yBennumpatotca. IToT 3PPeKT XOpowo U3BECTEH B YKM3HEHHOW NpaKTUKe. BnakHble Kpacku

BCeraga Kaxxytca tTemHee, 4em nocne nx BbiCbIXaHUA.

2.8.5. OmknoHeHus om 3akoHa byzepa-/lambepma-bepa

Ncnonb3oBaHne 3akoHa byrepa-Slambeprta-bepa mmeet cBou orpaHuyveHunsa. B «ctapoin»
MTEpaType YKasblBasoCb, YTO ANA aHANUTUYECKUX Uenel Henb3A WUCMONb30BaTb 3HAYeHuA
ONTMYECKOWN NJOTHOCTU Bblwe, Yem 0,7-1, TaK Kak Aasiblie MMEKOT MEeCTO CU/bHbIE OTKAOHEHUA OT
JIMHEMHOCTU BEAMYMHbI OMNTMYECKOM MAOTHOCTM WM KOHLEHTPAUuMM BeLLecTBa B PacTBOpPAX.
OrpaHuyeHMe OMNTUYECKOM MNOTHOCTM O0OyCcnoBAEHO Tem, 4YTO (POTOMETPUYECKAA TOYHOCTb
CNEeKTpOMeTpOoB He npesblwana 1%, U OAHOBPEMEHHO, TOYHOCTb OMpeAeneHus MNOAHOro
NOr/IOWEHNA TakKe bblia He nydwe 1%. 3To NPUMBOAMAO K TOMY, YTO OMTUYECKAA MAOTHOCTD,
6213Kan K 3HaYeHuto 1, onpeaensanack C TOYHOCTbIO XyKe 10%. Ona npeogoneHuns sto npobaembl
pekomMeHA0BaI0Cb UCMOJIb30BaThb KIOBETbI C O4eHb TOHKMM C/I0eM NoraoLatoLlero sewecrtsa. Ana
3TUX Uenei bbinn pa3paboTaHbl KOBETbI C ONTUYECKMM nyTem, cocTasasaowmm ao 0,1-0,05 mm.
TaKol TOHKMI CNIOM HEBO3MOXKHO PaBHOMEPHO 3aMO/IHUTL }KUAKOCTbIO U MO3TOMY 418 U3MEPEHUI

MCNONb30BaNN Pa3bopHbIe KIOBETbI, YCTPOMCTBO KOTOPbIX NOKa3aHo Ha puc. 39.

(OKHa KIOBETEI

OrpaHHYHTENBHOE  BKIaARIII
KOJIbIIO KopIyc KIOBeThI

Puc. 39. Pa3bopHas Krosema 018 CbeMKU CUSbHO M02/0Wauux seuecms.
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Ha oaHO M3 OKOH KIOBETbl KNaAyT OrpaHMYMTENIbHOE KO/bLO, U3FOTOBAEHHOE C BbICOKOWM
TOYHOCTbIO NO TOAWMHE. B 3TO KONbLO NOMELAIOT BKAAAbIW, TONLWMHA KOTOPOro Ha HECKOJIbKO
[ECATKOB-COTEH MUKPOH MEHbLUE, YeM TONLWMHA OFPAHUYUTENBHOIO KONbLa. 3aTemM KIOBETY
33/1MBAOT M3MepAEeMbIM pPacTBopom. CBepxy KAadyT BTOPOE OKHO, KOTOpOe MPUTUPAIOT 40
NONHOro yaaneHua nsbbiTKa pacTBopa. B KOHUe npoueaypbl NPUTUPAHMA BTOPOE OKHO TPYAHO
CABWHYTb OTHOCUTENIbHO OrPaHUYUTENbHOrO Koabla. TOAWMHA NOrNOLWaoWwero caoa B 3Tom
cnyyae onpegennerca pasHUUEN TOWMHBbI BKAaAbIWa M OrpaHMYMTENbHOrO Kosbua. Takum
obpasom, yaaetca NOAYy4YUTb CMNEKTPbl, ANA KOTOPbIX BEAWMYMHA ONTMYECKOM MAOTHOCTU
cocTasnaset BeandnHy meHee 0,7-1.

B coBpemeHHbIx npubopax noABMAACE BO3MOXKHOCTb PErMCTPUPOBATb CNEKTPbl C
doTOMETPMYECKON TOYHOCTbIO He xyxKe 0,01%. CneposaTtenbHo, rpaHuua 10% To4yHOCTM
M3MEPEHMN OTBEYAET 3HAYEHUIO OMNTMYECKOM NNOTHOCTM nopsagka 3. [MoaTtomy Aans
6ONbWIMHCTBA PACTBOPOB MOXHO MNPOBOAUTbL MCCNEA0BaHMA C WUCMNO/Ib30BAaHMEM KIOBET C
TO/IWMHOM ONTUYECKOro c/iosi oKoo 1 mm. OgHaKo, MMeTCA C/lydaun, Koraa Takasa To/lunHa
KIOBETbI C/IMLWKOM 60/bLLasA, ecn NpUXoanTCcsa paboTaTb C KOHLLEHTPUPOBAHHbIMM PACTBOPAMM.
Hanpumep, ecnm KoadPUUNEHT IKCTUHKLUKN MMeET 3HaYyeHne nopaaka 10000, a KOHUeHTpauma
pactBopa cocTasnsfeTr 0,1 monb/n, Ana KioBeTbl TOAWMHOW B 1 MM ONTUYEcKaa NAOTHOCTb
OO/KHA COCTaBNATb 3Ha4YeHne okono 10. B aTtom cnyvyae He06Xo0AMMO MCNONb30BaTb KIOBETHI,
aHaNOrMYHble NOKa3aHHOM Ha puc. 39.

B KpaliHem cny4yae, Heo6xoAMMO pPaboTaTb Ha TaK HAa3blIBAEMOM KONTUYECKOM KOHTAKTe».
ONTUYECKNIA KOHTAKT CO34aeTCA NOMELLEHNEM KaNauM pacTBOpPa MeXxay ABYMA OKHamu. 3a cyet
NPUXATUA CTEKON APYr K APYry MOMHO A0OMTbCA TOALWMHbI ONTUYECKOro CN0A B HECKO/bKO
MMKPOH M Ka4yeCTBEHHO 3aperncTpmpoBaTb CNekTp. Ho KonmnyecTBeHHble U3MEPEHMA B 3TOM
CNy4yae CyLWeCTBEHHO 3aTpygHAlTCcA. TOAWMHY NOrAOWAlOWero cnoa B TakKOM BapuaHTe
N3MepeHMn MOXKHO onpeaenTb No OTHOLWIEHMIO Beca Kanm, HAHECEHHOM Ha OKHO, K NaoLwaau
NONYYEHHOTO MATHA MNOC/AEe MNPUMKUMAHUA BTOPOro OKHA. OAHAKoO TOYHOCTb M3MEPEHWUM
HaYMHAET OnpeaenATbCA KayeCTBOM MOJIMPOBAHMA MOBEPXHOCTU CTEKOJl, HEPOBHOCTU
NOBEPXHOCTM HAXOAATCA HA YPOBHE HECKOJIbKMX MMUKPOHOB, TOr4a KakK TOJLWMHA
NOrN0OLWAKLLEro C0A COCTaBAAET BeAMUYMHY nopaaKa 10 mkm.

UccnepoBaHMe KOHLEHTPMPOBAHHbBIX PAacTBOPOB Yalle BCEro 0bHapy*KMBaAET OTK/IOHEHMUA
OT 3aKoHa byrepa-/lambepTa-bepa. MpMposa TakMx OTKNOHEHWUI CBA3AHA C TeM, YTO BeLLecTBa B
pas3baBneHHbIX pacTBOpax M B KOHUEHTPMPOBAHHbIX pPacTBOpPax HaxodAaTCcA B pasHOM

XMUMHUYHECKOM OKpPYyXeHUN WU KaK cneacrsne, HECKOJ/IbKO OT/IMYAKOTCA MO XMMUYECKOMY
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COCTOAHMIO. M3MeHeHMe COCTOAHMA BAMAET HA MHTEerpanbl NepeKkpbiBaHMA OCHOBHOM W
BO3OYX/AEHHOM 3/IEKTPOHHbIX OpbuTanen 1 NosToMmy 06583aHO CKasbiBaTbCA Ha KOo3addULMEHTax
3KCTUHKUMM. OOHaKO BO3HMKAET BOMPOC, MOYEMY W3MEHEHME 3IEKTPOHHbIX COCTOAHUMN
NPaKTUYECKM He CKasblBaeTcs Ha HabalogaemblX MaKCMMyMaX aHaNUTUYecKux nonoc? (3T1oT
BOMPOC He MycTOM, TAaK KaK HEBO3MOXHO npeacTaBuTb cebe, uTobbl UCCnepoBaTenu He
obpalanM BHMMAHWA Ha TO, YTO NpPM YBEMYEHUW KOHLLEHTPAUMM, NONOCbI MOrNOLWeHuA
cmewatotca.) OTBET Ha 3TOT BOMPOC MOXHO MONAYYMTb, €CAM MNPOaHaNM3MPOBaATb AaHHble
,npeacTaBneHHble Ha puc. 40, Ha KOTOPOM MNOKa3aHbl MOZENbHble CMEKTPbl HEKOTOPOro
coeguHeHUs B pa3baBNeHHOM PAcTBOPE M B KOHLLEHTPUMPOBAHHOM pacTBope. (MHTeHCMBHOCTb
No/I0C NOrNOLWEHNA NpeacTaBaeHa B BUAE KOIPDULMEHTOB SKCTUHKLUMMK). MpeanonoxeHo, 4yto
B KOHLEeHTpMpoBaHHOM pactBope 20% BelwecTBa NpPeacTaBAAKOTCA, Hanpumep, B Buae
BHelWHecdepHbIX accoumaToB, CMEKTPbl, NMPU 3TOM, CMELWATCA B 061aCTb BbICOKUX 4acToT
BCcero Ha 500-700 cm™. Torga cnekTp MOXKHO NpeacTaBUTb CYMMOWM ABYX KOMMOHEHT, W
Habnogaembli MaKCMMyM cMelllaeTca B 061acTb BbICOKMX YacToT Bcero Ha 100 cm, To ectb
Bcero Ha 1.6%, Toraa Kak KO3adOUUMEHT IKCTUHKUMM yMeHbluaeTca Ha 10%. Ecan nsmeHeHums
CrneKkTpoB 6oJiee 3HaYUTENbHbl, TO MeHAeTCA U KO3PPUUMEHT IKCTUHKUUKN, U MNONOXKEHUA

MaKCMMYyMOB aHaIUMTUYECKNX NoNOC.
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Puc. 40. MO@EIIUPOGOHUE Crekmpoes, rokassigarowee, Ymo ros1IoxeHue makcumyma meHee
yyecmeumesibHO K U3SMEHEeHUO ceolicme KomnsaeKkca no CpasHeHUro C Koad)d)UL{UEHmOM 3KCMUHKYUuU.

MmeeTca ewe ogHO OCHOBaHWe ANA HapyweHuAa 3aKkoHa byrepa-/lambepta-bepa,
CBsI3aHHOE C MHTEHCMBHOCTbLIO obny4yatowero ceeta. ObbsicHeHWe 3Toro adpdeKkTa A0CTaTOYHO
AcHo. Ecnn BewwectBo 061y4aeTca o4eHb CUAbHBIM NOTOKOM GOTOHOB, HECMOTPS Ha KOPOTKoe

BPEMA KU3HU MOJIEKYNbl UAW aTOMa B BO3OYKAEHHOM COCTOAHWUW (MopsaaKa 10" c), yactb
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MoOneKyn bypeTr HaxoAuTbCA B BO3OYKAEHHOM COCTOSIHUM, M He ByaeT nornowatb ¢GOTOHbI,
KOTOpble MOrnoWatoTcss HEBO3OYKAEHHON MOJEKY/ION. IKCNEPUMEHTA/IbHO TaKon 3¢ddeKkT
BblpaXaeTca B YMeHbLEeHUN KOo3abPULMEHTA IKCTUHKLUMKU. CheayeT, o4HaKo, yKasaTb, YTO 3TO
ABNeHue, obHapyXeHHoe OU3MKamMKU, He UMeeT mecTa Ans OONbLMHCTBA BeLWecTB npwu
perucTpaumm CNeKTpoB Ha cepuiiHblX Npmbopax, Tak Kak CBETOBble NMOTOKWU, UCMO/b3yeMble B
CNeKTpomMeTpax, Mo WMHTEHCMBHOCTU CAMLIKOM Masbl, YTOObl AaBaTb KaKyk-nMbo peanbHyto
KOHLEHTpaumo BO30OyXKaAeHHbIX Moneky/. Ho B ciiydae HanoxKeHua adpdeKToB NIOMUHECLEHLNM,
€Cc/In aHanmM3npyemble BellecTBa 06nagatoT cBonctBom docdopecueHunm, To ecTb Bpems
KU3HU MOJIEKYN1 B BO3DOYXKAEHHOM COCTOAHMWU HAaXOAUTCA B AMarnasoHe 10310 C, OTK/IOHEeHuA
OT 3aKoHa bypera-/lambepTa-bepa BO3MOXKHbI.

Takum o06pasom, cnektpockonua B Y® u BUOMMOM [AMana3oHax ABAAETCA BecbMa
npuBneKaTeNibHbIM METOAOM AN UCCNeAO0BaHWS OOBEKTOB FOMOrMeHHOro W reTeporeHHoro
KaTaansza. IDTUM  MEeTOA0M MOXHO MUCCnefoBaTb UYUCTOTY WCXOAHbIX pPeaKTMBOB  ANA
NPUroTOBAEHNA KaTa/M3aTOPOB, aAHANM3MPOBATb COCTOAHWME BELWECTB B pPacTBOpax, e€cnu
nccnepyeTca Npouecc NPUroToBAEHNA KaTanmM3aTopoB, COAEPMKALWMX NEepexoHble 3INeMEHTbI.
Janee BO3MOXHO NpMMEHEHMNE 3TOr0 MeToaa Npu NUccienoBaHMM NPOLECCOB, MPOUCXOAALLMX C
HAaHOCMMbIMM BELLECTBAMM B XOAe CYLUKW, MPOKA/IMBAHUA U BOCCTAHOB/EHMA 06pa3LoB. MeHee
3¢ PeKTMBHO, HO NONE3HO WCMNO/Ab30BaHME 3TOr0 MeToAa MpPU U3YyYEeHUU MEeXaHWU3MOB
KaTaNMTUYECKMX PEeaKUMn Ha MNOBEPXHOCTU, MOCKOJIbKY MOHHblE COCTOAHMA OpraHUYecKux
MOJIEKYN BeCbMa Jlerko WAeHTUOMUMPYOTCA MMeHHO B Y®-Bug cnektpax, Tak KakK
YYBCTBUTENBHOCTb MAEHTUDMKALUMU TaKUX COCTOSAHWIA COCTaBAAET BEAMYMHY NOpsAKa 10"
Yyactuu/r, 4TO CONOCTaBMMO C YyBCTBMTENbHOCTbIO MeToga IMP. OgHaKo, MpU 3TOM Henb3s
3a0bIBaTb, UYTO OOHapY)KEHHble 3TUMW MEeTOoAaMM 4YacTULbl MOTYyT HEe MMEeTb K OCHOBHOM
KaTaNMTUYECKOM peakumm HUKAKOro OTHOLLIEHMUA.

M HakoHeLU, HOBble AaHHble MOKa3blBaOT 3PPEKTMBHOCTb MCMONb30BaHMA meToda YP-Bug
CMNEKTPOCKONUM AN1A N3YYEHNA KNAaCTePHOro COCTOAHMA BELLLECTBA, BKIOYAA KNacTepbl U masble

YacTuLbl 6naropop,H bIX ME€TaNN10B N APYrnx nepexogHbiX 3/1eMeHTOB.
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3. dnoopumertpus

B nuTepatype uMcnosib3yetca  ewe OAMH  ONTMYECKUA  MeToh,  HasblBaemblii
dnoopumetpueli. JllomuHecueHuMa (0T NaTUHCKUX cnoB lumen — cBeT U escent — cnaboe
[eNCcTBMe) — CBeyeHWe BeLWecTBa, MNPOUCXodfllee Mocae MOrNOWEHNA MM  SHEepruu
BO3OY)KAEeHUA. Bnepsble ntomuHecueHuma 6blna obHapy)keHa M onucaHa B 18 Beke. OHa
0b6Hapy*KMBanacb No cnabomy CBEYEHMIO HEKOTOPbIX BELLECTB B TEMHOTE. ITO CBEYEHNE MOXKHO
BO36YKAaTb Npu 06/1ly4eHMM BELLECTBA CBETOM APYroM, Kak npaBunio, 6onee BbICOKOMN YacToOTbl.

Mpupoay 3Toro ABNEHUA IETKO 0OBACHUTL ceaytowein cxemon (puc. 41).

bes BIZTYHATCIBHOC PACCCAHHE

HEPTHH
| 3ona nposBoguMocTH
BeswznyuarensHoe paccesHue
1 ___—— DHEpruM
=T VYposens nedekra
Bo30yxaenue hv MUznyuenue

BanienTHas 30Ha

" 0

Monekyna Kpucrann

Puc. 41. Cxema 371eKMPOHHbIX Nepexo008 rnpu 803HUKHOBEHUU IOMUHECYEHYUU.

Mpn obsy4yeHUM BewecTBa CBETOM MOJIEKY/Na M3 OCHOBHOIO COCTOAHMA MNEePexoanT B
BO3OYKAEHHOEe coCcTosfiHUEe. B BO3OYKAEHHOM COCTOSIHUM ANA BONbLIMHCTBA MOIEKYN Bpems
KM3HM cocTasnsieT 10 c. OgHaKo ecTb cneumduyeckme BeLeCcTBa, BPEMSA KU3HW KOTOPbIX B
BO3OYXAEHHOM COCTOSIHUM COCTaBAsAeT 10°-10° ¢ (dbnyopecueHums), uam paxe 6onblie
10%-10 ¢ (docdopecueHLmsn). YBEAUUEHNE BPEMEHU KM3HU MONEKYAbl B BO3BYMKAEHHOM
COCTOSAAHMM 0BYCNOBNEHO TEM, YTO YacCTb IHEPrnn GOTOHA PacCemMBAETCA Ha SHEPTruto KonebaHui
(konebaTenbHoe BO3OYXKAEHWE), W 3NEKTPOH MNONAJAET Ha OTAENbHbIM YPOBEHb, rAe
obpasyetcA ocoboe cocTosHWe, Tpebylollee AOMONHUTE/NIbHbLIX 3aTpaT 3Heprun  Aand
BO3BPALLEHUA B MCXOAHOEe cocToAHue. Hambonee ApKMA Npumep TaKOM BO3MOMKHOCTU —
nepexos 13 TPUMNJIETHOIO B CUHINIETHOE COCTOSIHUE UK HaobopoT. Mpu nonydyeHun sHepruuy,
AOCTaTOYHOM AN1A BO3BpPALLEHMA MOJIEKY/bl B UCXOAHOE COCTOSIHUE, MPOUCXOAUT U3NyYeHUE C

YacToM, MeHbLLEN, Yem YacToTa 06/1y4eHuns.
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[pyroli cnyyaii, BHeLWHe OTAMYAIOLWMIACA OT ONMCAHHOrO, OTHOCUTCA K TBepaomy Teny. B
3TOM C/ly4ae, ecn BO3OYKAEHHbIW 3/1eKTPOH B TBEpPAOM Tesie nonagaet B AedeKT, TO YacTb
3Heprum OTOHA YXOAMT Ha KosiebaTesNbHYI0 3HEPruio Kpuctanna, U Npu BO3BpaTe SHEPruu
N3Ny4eHne NpPomCXoauT C MeHbLUei YacTon NO CPABHEHUIO C YACTOTOWM MUCXOLHOro obnyyeHms.
Ana uccnepoBaHMA npoueccoB GAHOOPECUEHLMM WUCMONb3YIOTCA CMNEKTPOMETPbI, KOTopble

Ha3blBatoTCcA paoopumeTpamun. Cxema TMNUYHOTO GIOOPUMETPA NOKa3aHa Ha puc. 42.

Kcenonosas mamma

\ Perynupyemas wiens
=
/ Oopasen

A A
L1 5BM

KonneHncop

MoHoxpomarop R

MoHoxpomarop

OOV

Puc. 42. Cxema ¢paroopumempa.

Mpubop cocTouT M3 ABYX OCHOBHbIX 6/0KOB: MOHOXpOMaTopa AnAa obnayyeHunsa obpasuya
CBETOM C 33a4aHHOM AJ/IMHON BOJIHbl, MOHOXPOMATOPA WMCMNO/Ib3YEMOrO ANA PErucTpauum
cnekTpa ¢aopecueHuMM, U KOMNbloTepa, ynpasastowero paboton obomx CneKTpomMeTpos.
Ona obnyyeHns o06pas3uoB OObIMHO MCMNO/bL3YIOT MOLLHYH KCEHOHOBYIO Nammny, AaroLlyto
WHTEHCUBHOE M3/y4YeHMEe B LUIMPOKOM CNEKTPASIbHOM AuanasoHe. MoryT 6biTb NoayvyeHbl ABa
TMNA  CMNEKTPOB: CNeKkTpbl  GAopecueHuUnMn U1 cnekTpbl  BO3OyaeHuA. CnekTpom
NIOMUHECUEHUMN  Ha3blBalOT  3aBUCMMOCTb  MHTEHCMBHOCTM  CBETa, PErucTpMpyemoro
$GOTOYMHOXKMTENEM, OT AOJ/IMHbI BONHbI Npu GUKCMPOBAHHOW 4YacToTe obnydeHua. CnekTpom
BO3OY)XAEHMA  Has3blBalOT  3aBUCMMOCTb  WMHTEHCMBHOCTM  CBETa,  PErUCTPUPYEMOTO
$GOTOYMHOXKMTENEM, OT ANWHBLI BOAHbI 06/1yYyeHMA. OCKONbKY MHTEHCMBHOCTb 06/1y4YeHuA
N3MEHAETCA C O/IMHON BO/HbI, ANA BblPaBHMBAHUA YPOBHA 3HEPrMM 0BAYyYEHUA UCMONb3YIOT
peryanpyemyto wenb. CnekTpbl HaKanaMBalTCA B KOMMbHOTEPE M Aafiee UCNONb3YTCA ANA
OXapaKTepPU30BaAHMUA Pa3/IMYHbIX 06pPasLoB. B reTeporeHHOM KaTasin3e 3TOT METOZ NPUMEHSAIOT

ANA U3ydeHUs TBepablX KaTanmsaTtopoB. [MOCKONbKY Ans TBepablx Ten dawopecueHuma
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obycnoBneHa pasnYHbIMU AePEKTHbIMW COCTOAHUAMM, [AAHHbIM MEeTOA NpPUroAeH Ans
naeHTUdMKaummn aTux aedpeKkTos, NP 3TOM YyBCTBUTENbHOCTb METOAA AN1A UX MAEHTUDMKALNM
O4YeHb BbICOKa M B npepaene coctasnseT 10 pgedektos/r KaTanusatopa. EAMHCTBEHHbIM
OorpaHMyYeHnem mMeToaa ANA NPaKTUYECKOro MCNO/b30BaAHWUA ABNAETCA CIOKHOCTb CTPYKTYPHOM
UHTepnpeTaummn 3TnX pedektos. OAHUM W3 HEMHOTMX NPUMEPOB WHTEpnpeTauun, He
BbI3bIBAIOLLMX COMHEHUMN, ABAAETCA WHTEPNpeTauua CNeKTPoB HAHEeCEHHbIX BaHaAMEBbIX
KaTanmsaTopoB. OCHOBaHMEM ANA OAHO3HAYHOM WMHTepnpeTauMu ABNAETCA MNPUCYTCTBME B
CNeKTPax NOMUHECLLEHLIMM Y3KUX KOMMOHEHT, OTCTOALLMX APYT OT Apyra Ha 1020 cm™, KoTopbie
obycnosneHbl KonebaHvem BaHagunbHoro é¢parmeHTa V=0 Ha NOBEPXHOCTU KaTa/nM3aTopa
(aedekT, nokanmsyowmin Bo30OYKAEHHbIN 31eKTPOH). Jpyron npumep — 3TO NIOMUHECLEHUMUA
XPOMOBbIX KaTa/iM3aToOpoB, FAe XPOM BHeApeH B peleTKy anbda-okcuaa aftoMUHUA, YTO
NPOABNAETCA B MOABAEHUW B CMEKTPaAX JOMUHECLEHUMM y3KMX nonoc B obnactm 600 Hm,
XapaKTepHbIX AnA pybuHOBbLIX N1a3epos.

Bmecte c Tem, cneayeTt yKasaTb, YTO MEPCMEeKTUBbI 3TOr0 MeToda ANsA WUCCNefoBaHUA
reTeporeHHbIX KaTa/M3aTopoB elle He M3BEeCTHbl. MOXHO 0XMAaTb, YTO paclMpeHue Kpyra
nccnepyembix O6BHEKTOB B MepCcrneKkTMBe MO3BOAMT OYEpPTUTb KPyr 3ajad, rae npumeHeHue
MeToAa NOMUHECLEHLMM OKAXKeTCA KAYEBbIM ANA U3YYEHUA CTPYKTYPbl MOBEPXHOCTHbIX

LEeHTPOB.
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4, anMEHEHMe metoanos ONTUYECKOM CNeKTpoCKonnMn B Xmmunu4yecKkom
dHaause

NcTopuyeckn nepsBble NPUMEpPbl MPAKTUYECKOro MPUMEHEHMA METOL0B OMNTUYECKOM
CMEKTPOCKOMUN OTHOCATCA MUMEHHO K XMMMUYECKOMY aHann3y. [laHHble nccnesoBaHUM CNEKTPOB
nfiameHuM bBbyH3eHOM U cneKkTpoB conHua PpayHropepom (npubnusutensHo 1860 roa)
nossoanan Kuprody npeanonoXuTb, YTO YepHble NOMOCbl B CMEKTPOrpaMmax MNaamMeHn u
COMHUA o0OycnoBneHbl NOrMOWEHNEM aTOMOB WM  MOHOB MeTannoB. [lpakTuyeckoe
MCNO/Ib30BaHME CNEKTPOCKOMUKN ANA XMMUYECKOTO aHaM3a OTHOCUTCA K cepeauHe ABagLaToro
BeKa. B HacToswee Bpema 3TWU MeToAbl HalWAW MpumeHeHne B ATOMHO-a6cop6uMOHHOM

CANEeKTpoCKoNuun 1 ATOMHO-3MUCCUOHHOM CNEeKTpPpoCKoNuun.

4.1. ATomHO-abcopbumoHHana cnektpockonusa (AAC)

3TOT MeToA, Haya/l UCNO/b30BaTbCA B NPAKTUYECKUX Lenax npmubamnsmtensHo B 50-x rogax XX
BeKa. PusMyeckoli OCHOBOM MeToda ABAAETCA MOr/oWEeHUe CBeTa BCAeACTBME BO36yXAeHUA
3/1eKTPOHOB aTOMOB UM MOHOB PpOHOHAMM NAAAIOLLEro CBETa, U UX Nepexoaom U3 OCHOBHOTO B
BO3OyXKAeHHOe cocToAHMe. TaK e Kak M B 06bl4HOM cnekTpockonuu, B Y® u BuAMMOM
AManasoHax ANna MoroleHna CBeTa crnpaBed/MBbiM ABAAETCA 3aKoH byrepa-/lambepra-bepa, ¢
NMOMOLLbIO KOTOPOTO MOYKHO ONpPeAeNnATb KOHUEHTPALMM aHaNN3MPYyEMbIX MOHOB. OTANYME COCTOUT
TONbKO B TOM, YTO aHanusMpyemyio npoby HeobxoaMmo nepeBecT B aTOMapHOE COCTOAHMeE.

TUNUYHOE YCTPOMCTBO aTOMHO-3aACOPOLMOHHbIX aHaM3aTOPOB NOKAa3aHOo Ha puc. 43.

~
\

WecTovHuk ceeTa
O mm M Peructpartop
™ e OHOXpOMaTOp 9

o3y

el
ATomusarop MonynpospayHoe 3epkarno
Bpawatwowjeecr cekTopHoe

3epKano

Puc. 43. Cxema AmomHo-abcopbyluoHHO20 criekmpomempa.

OTAnume atoro npmubopa oT 06bIMHOTO CNEKTPOMETPA COCTOUT B TOM, YTO BMeCTO obpasua B
HeM pacrnonaraeTtcs TaK HasblBaembli aTomMm3aTop. ATomm3aTop paboTaeT Mo NpUHUMUNY
noJaynm naposB W TymaHa aHaAUM3MPYeMOro BELLECTBA B BbiCOKOTEMMepaTypHoe naams,
co3/laBaeMoe ropeHvem aueTuneHa B Kucnopoge (2100°C) uau, B chneumanbHOM ciydae,

TpyaHonnaskmx okcnaos B C,H,-NO nnamenm (2950°C). TpebosaHua, npeabaAsasemble K
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XapaKTepUCTUKaM MOHOXPOMATOpPA, TaK¥Ke BbICOKW: OHW [OO/KHbI MMeTb paspelleHue B
AnanasoHe 0,05-0,2 HM A4/1A NOBbIWEHMA TOYHOCTU USMEPEHNA.

MeTog umeeT pag orpaHUYeHui, 06yCNOBAEHHDbIX PAa3HbIMKW NPUYMHaMK. Bo-nepsbix, 3TO
HenoNHaA guccoumaumna CoeAMHEHUM B NaameHn. TaKMM NPUMepoOM MOMKET CNyXutb docdat
KaNbUMA, KOTOPbI He MNONHOCTbI AUCCOUMUPYET f[aKe MpPU  BbICOKMX TemnepaTypax.
[obasneHne naHTaHOMAOB B PacTBOP MO3BO/AET NPOBOAUTb aHANN3 KanbLWA B NMPUCYTCTBUM
¢dochaTHbIX MOHOB, XOTA 3TOT cneundryecknini aHanuns Tpebyet AONONHUTENbHbBIX KAAMOPOBOK.
Opyrum cnocobom aBAAeTCA NOBbIWEHME TeMNepPaTypbl NaMEHMU.

Bo-BTOpbIX, 3TO 4acTU4HaA MOHM3auMA aTomoB. Hanpumep, ana 6apuA, Bcneactsme
WOHM3aUMMN, YMEeHbLUAeTcA A0NA aTOMOB, MNOrNOWAKWMX Ha AaAuMHe BOAHbl 553,5 Hm, wu
NOABAAKOTCA MOHbI, NOrnowatowme Ha AnvHe BoAHblI 455,4 Hm. NoHusaumio 6apua MOXKHO
nogasuTb fobaBneHneM HATPUA.

B-TpeTbux, 3TO HanoXeHne Apyr Ha ApYyra aHAIMTUYECKUX IMHUA OT PasHbIX SN1€MEHTOB.
MOCKONbKY NMHWKM B CMNEKTpax MOr/NOWeHMA aTOMOB A0CTAaTOMHO Yy3KMe, 3Ta npobnema
BO3HMKaeT AO0CTaTOMHO peaKo, HO OYeBWUAHO, YTO aTOMbl, HaxogdAwMecA B NAAMEHW, He
No3BO/IAIOT NPOBOAUTL U3MEPEHUA Yriepoaa, a3oTa, KUCA0POo4a U aproHa, XOTA B BaKyyme 3Tu
3NEeMEeHTbl JIerKo  MOryT ObiTb  OOHapyKeHbl MO CNeKTpam MOrnoleHuAa (oAHaKo,
COOTBETCTBYIOLLAA CNeKkTpanbHaa 061acTb 06bIYHO He ncnonb3yeTtcs B AA cnekTpomeTpax).

MeTog ATOMHO-abCcOpOLUMOHHOM CNEKTPOCKONUM LUIMPOKO MCNONb3YETCA B aHAIMTUYECKUX
uenax. YyBcTBMTENIbHOCTb MeToAa ATOMHO-abcopbUMOHHON CNEeKTPOCKONUM AN OBHapYKeHUs
31eMEeHTOB A0CTaTOYHO BbICOKAa M BapbupyeT B AuanasoHe oT 0,2 ao 500 mkr/n. ToyHOCTb
N3MEepPEeHMA KOHUEHTpaLMM onpenenserca, rnaBHbiIM 06pa3om, TOYHOCTbIO KanMBPOBOK U

TOYHOCTbIO MPUTOTOBAEHMA aHANU3UPYEMbIX PAaCTBOPOB.
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Ta6nMu,a 4. Tlono)eHWe aHaNUTUYECKUX JSIMHUA U YyBCTBUTE/IbHOCTb O6Hapy)-KeHMﬂ

3/1€MeHTOB B PacTBOpax B metoae ATOMHO-abCcopbLMOHHOM CNEKTPOCKOMUMN.

dnemeHT OnnHa MNpeaen obHapyKeHUsA, HF/MAn | DnemeHT OnvHa BonHbl, | Mpeaen obHapykeHUs,
BOJIHbI, HM HM Hr/mn

BTopow nepuog, TpeTuii nepuog,

Li 670,8 3 Na 589,0 0,5

Be 334,9 2 Mg 285,2 0,2
Al 309,3 20
Si 251,6 200

YeTBEPTHIN NEPUOA, MNaTtbIi nepuog,

K 766,5 3 Rb 780,0 1

Ca 422,7 2 Sr 460,7 6

Sc Y 410,2 300

Ti 364,3 100 Zr

V 318,5 50 Nb

Cr 357,9 5 Mo 313,3 40

Mn 279,5 3 Te 214,3 500

Fe 248,3 10 Ru

Co 240,7 10 Rh

Ni 232,0 10 Pd 244,8 30

Cu 324,7 3 Ag 328,1 2

Zn 213,9 10 Cd 228,8 2

Ga In 309,9 50

Ge Sn 224,6 50

As 193,7 0,2 Sb 217,6 0,2

Se 196,0 0,5 Te 214,3 500

LecToi nepuop,

Cs 852,1 10

Ba 553,6 30

Au 242,8 30

Tl 276,8 30

Pb 217,0 20
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4.2. Metog ATOMHO-3MUCCUOHHOI cnekTpockonuu (A3C)(ICP)

JaHHbI meToa Havan pasBmBaTbca B 20-x roaa XX Beka, ogHaKo Tonbko ¢ 70-x roaoB OH
BbILLUEN Ha apeHy Kak OCHOBHOW MeToZ aHanim3a. 970 6b110 06ycnoBAEHO NOABNEHMEM HOBOFO
MeToZa BO3OYKAEHMA M3nydeHus, Takoro Kak ICP (Inductively Coupled Plasma). B ocHoBe
MeToZa NEeXUT PernctTpaumsa CnekTPoB M3/ly4eHUA OT BO3OYKAEHHbIX aToMoB. Bo3byxaeHue
MOXHO €034aTb 0ObI4HbIM HarpeBom UM MHbIMKU cnocobamun. Nccnegyembin obpasel, Tak e
Kak M B metoge AAC, nogaetcA B aHanAM3aTop B BMAE TymMaHa, MOJAYYEHHOrO M3 BOLHOIO
pacTtBopa. Mpu 3TOM NpoTeKaloT cnegytolme npoueccsl (puc. 44).

— M
M

Bo30y:xaeHue AMuccus Bo30y:xenne Omuccus
Hcnapenue Atomuzanms . HMoHnusauus
. o
O —>a —> e ° o
|

Yactuua Teepaoro

Yactuua tymana
COCIOHHEHHA

ATOMBI COEHHEHHS Houbr

Puc. 44. Cxema npoyeccos, npomeKarow,ux e aHaauzamope AAC u ASC.

CHayana pacTBOp B BMAE OTAE/NbHbIX Kanenb TepaeT BoAy, U 06pa3ytoTca HaHOYaACTULbI
TBEpPAbIX BewecTs. J[anee 3TM BeLWECTBA MCNAPAKOTCA U aTOMU3MPYIOTCA, M  3aTeEM
MOHM3NPYIOTCA. 33 CYET BHELWIHEero HarpeBaHuA WAW BO3OYKAEHMEM C MOMOLLbIO aproHOBOM
nnasmbl (MeTtog ICP) aTomMbl UAM MOHbI BO3OYKAAKOTCA, M NPU Nepexoae M3 Bo3byKAeHHOro
COCTOAHMA B OCHOBHOE COCTOSIHME BO3HMKAET U3NYYEHUE XaPaKTEPUCTUYECKUX ANA KaXKOoro
anemeHTa GOTOHOB.

Mpn TepmnyecKkom BO3OYHKAEHUWN, HAMPUMEP, B 3NIEKTPUYECKON Ayre, 3NEKTPOH B aTome
nepexoamnT M3 OCHOBHOINO COCTOSIHMA B BO30Y)KAEHHOE COCTOSHME WU 3Heprua BO36y»KAeHUs
CHMMaeTcs B BuAe Wu3nydeHua. WM3nydeHue cobupaeTcs KONNMMUPYELLEN JSIMH30M U
HanpaBnAeTcA Ha MoHoxpomaTtop. [lanee cneKkTp peructpupyetrca Ha GOTONNACTUHE,
bOTOMETPMUYECKON IMHENKE U NPOBOANTCA NOJIHAA Pa3BepPTKa CNEKTPa, eC/IN PerucTpaTopom
nsnyyeHua asnaetcs ¢GOTOyMHOXKUTeNb (puc.45). MHTEHCUMBHOCTb M3MYyYEeHUA ANA JIMHWUIMA
nogunHaetca 3akoHy JlokmaHa: I=kN™, roe k 1 m — KOHCTaHTbl, 3aBUCALLME OT ONTMYECKOM

CUCTembl U cTteneHun BO36y>K,CI,eHMF| aToma, N — KOHUEeHTpauma n3ny4aroLmx aTomos.
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Hsmywatompuit obpasen DOTOIUIACTHHKA

Mozoxpo P i GoToMeTpHIECKAA
IHHEHKa
/
Koanumarop
OBy

Puc. 45. Cxema aHasusamopa e mMemooe amoMHO-3MUCCUOHHOU crneKkmpockornuu.

B metoae ICP HECKO/IbKO M3MeHeH cnocob Bo3byKaeHMA aTomoB. Bo3byxaeHue aTomoBs
CO3/aeTcs 3a CYeT aproHOBOW Na3Mbl, FeHEPUPYEMOI BbICOKOYACTOTHbIM 3/1€KTPOMArHUTHbIM

nonem (puc. 46).

BLICOKOTaCcTOTHREIH
reHeparop

ApPTroHOEAas IIasMa I

MoHoxpoMaTop
op
Ar
Hacoc —_|
[
TyMaHOTreHepaTop Perncrparop SBM
nebulizer

Pacteop obpazia

Puc. 46. Cxema ICP aHanuzamopa.

MockonbKy BO3OY)KAEHME aTOMOB MPOBOAUTCA C MOMOLLbIO MAa3Mbl, 3PPeKTUBHaA
TemnepaTtypa Kotopon coctasnaet 4500-8000 K, meTtozn ICP no3sonseT co3aatb CyLW,EeCTBEHHO
6onee BbICOKYIO CTeneHb BO3OYy)KAEHWs M aToMoB, U MOHOB. CneacTBMemM 3TOro ABAAETCA
CyLecTBeHHO 60/iee BbICOKas YyBCTBMTENbHOCTb MeToAa B cpaBHeHUM ¢ meTogamu AAC n ASC.
OHa cocTaBnsieT BeAnymHy meHee 1 mKr/n B cpaBHeHun 1-500 mkr/n.

YacTb orpaHMyeHnit, xapaktepHblx ana metoga AAC, B metoae AIC(ICP) cHMmaeTcs 3a cuet
b6onee BbICOKOW TemnepaTypbl aHanu3a. OpfHako, [AaHHble MeToAbl He MNO3BONAKT
aHANM3UpPOBaTb aTOMbl BOAOPOAA, KMC/IOPOAA, a30Ta U yrnepoaa, NOCKONAbKY M3aydeHue oT
YKa3aHHbIX aTOMOB /IEXXWUT B AMANa3oHe BaKyyMHOro ynbTpaduoneTa (4nvMHaA BOSHbI MeHee

190 HM). DHeprumM aproHOBOM NNasmbl HEAOCTATOYHO ANA BO36yKAeHMAa aTomoB pTopa, x10pa
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n 6naropoaHbix rasos. Bocnpoussogumoctb aHanusa metogom ICP coctaBnsetr 1-2%, a
TOYHOCTb ONpeaenaeTca TOYHOCTbIO KaIMBPOBOK M TOYHOCTbIO NPUTOTOB/IEHUA PAaCTBOPOB.

B paHHOM pasgene onucaHbl aHaUTUYECKME METoAbl XMMWUW, OCHOBaHHble Ha
NPUMEHEHNN ONTUYECKOW CNeKTPocKonun. OBbIYHO 3T MEeToAbl He BXOAAT B KYPC ONTUYECKOM
CNEeKTPOCKONUKN, OAHAKO, B CBA3WM C LUMPOKMM WMCMONb30BaHMEM B KaTa/nM3e, aBTOPbl Kypca
NOCYNTA/IM BO3MOXKHbBIM MX KPAaTKO OMMCaTb, NMOCKO/IbKY, OCHOBbIBAACb Ha ONTUKE, IETKO NOHATb
orpaHMYeHmna N BO3MOXKHOCTU 3TUX aHA/IMTUYECKUX MeTOoA0B. Mbl HageemMcs, YTO HauMHaKLLMM
cneumanuctam, pabotalowmm B 061acTM KaTanusa, AaHHoe nocobue 6yaer nonesHo Ans

no,u,60pa MeTOoA08B, KOTOpPble HYXXHO MCNOJ/Ib30BaTb AN1A XMMUNYECKOIo aHa/in3a.

5. anMEHEHMe cneuyunanbHbIX MeToaoB ONTUYECKOM
CNEeKTPOoCKOoNnnu npn NsyueHnm noBepxHOCTN Katasinm3atTopos

B HacToAwwee Bpemsa nobon nporpecc B 061aCT XMMUN NOBEPXHOCTU HEBO3MOXKEH 6e3
NPUMEHEHNA COBPEMEHHbIX METOZ0B MOJIEKYNAPHOM CMEKTPOCKONUKU. [NaBHOE OTANYUTENbHOE
CBOMCTBO /t0DObIX CMEKTPOCKOMUYECKMX METOAO0B 3aK/4YaeTcA B TOM, YTO OHWU ABNAIOTCA
HeAeCTPYKTUBHbIMW aHANIUTUYECKMMWN METOLAMM, NOCKOJIbKY 3/1EKTPOMArHUTHbIE Iy4M BAUAIOT
Ha nccnegyemyto CUCTEMY NULLIb HE3HAYUTENbHO. B CBA3M C 3TMM, pa3inyHble KonebaTenbHble
MeToAbl WMCCNeAOBAaHMA MOBEPXHOCTM B Pa3HbIX 3/1EKTPOMArHUTHbLIX BapWAHTaX, TaKUX KakK
NPOMNYyCKaHWe, OTPaXKEHWe U WU3Ny4YeHMe, B HACToAllee BPemMA MOAYYMAU  LIMPOKOE
pacnpocTpaHeHune. HekoTopble MeToAbl ONTUYECKOM CNeKTpPocKonuu, Takme Kak WUK-
CNEKTPOCKONUA B BapMaHTe MPOMYCKaHMA, HAPYLWEHHOrO MOJIHOFO BHYTPEHHErO OTPAXKEHUS
(HNBO), puddysHoro otpaxkeHua (DRIFT) u in situ WK-cnekTpockonusA, paccMOTpeHbl B
meTogmyeckom nocobum E.A. TMNayKwTtuca «OnTuyeckaa cnekTpockonua B agcopbumm wu

KaTanuse. NpumeHeHune NK-cnekTpockonum» (Hosocnbupck, 2010).

5.1. UK-cneKTpocCKonNUA oTpa*keHUA-NornoweHuaA

Ona nccnepoBaHua aacopbupoBaHHbIX BELWECTB U CBEPXTOHKUX CN0OEB HAa MOBEPXHOCTU
MeTaNNoB UcnonbytoT metoa NK-cnekTpockonuu oTpaxkeHua-nornowenua (Infrared Reflection
Absorption Spectroscopy, IRRAS). B sgaHHOM meToze ucciefoBaHMA NPOBOAATCA C NOMOLLbIO
CKONb3ALWWEero oTpaxeHusa, T.e. MK-ny4y nagaet npakTM4eckn napansienNbHO NOBEPXHOCTU, Yron
nageHus cocrtasnnet 80-88° (puc. 47). MNpu oTparKeHUn p-KOMMOHEHTa MHPPAKPACHOro cCBeTa
(KomnoHeHTa, nepneHAMKynspHas  MNOBEPXHOCTM)  BO3OyXKaaeT Te  KonebaHua B
XeMOCOPOMPOBAHHOM MOJIeKyNe, A[AA  KOTOPbIX KOMMOHEHTa AMMOJIbHOTO MOMEHTa,

nepneHAMKyNApHan NOBEPXHOCTU, MEHAETCA.
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MCTOUHMK db HdeTexTop
NK-nanyJyeHwna
Kpuctann

Puc. 47. Cxema peaucmpayuu cnekmpa adcopbuposaHHbix HA Ma0CKol memanaudeckoli nosepxHocmu
geuwjecmea memooom MK-cnekmpocKonuu ompaxeHUs-no2a0WeHus.

MpymeHeHWe moaynaunmn BekTopa noasapusaumm (PM) no3sonaeT 3Ha4YMTeNbHO YBENMYNUTD
YYBCTBUTENbHOCTb MeToga. B  TunnmyHom PM-IRRAS sKcnepumeHTe OAHOBPEMEHHO
npuMeHsatoTca ase moaynaumn: ®Pypbe-moaynauma, nponssogmuman UK-nHtepdepometpom, u
nonApu3auMoHHaa Mmoaynauma, nponssoanman GpoToynpyrum MoaynaTopom. Takum obpasom,
npu MCNONb30BaHMWU HaANeXKalleh INEeKTPOHHOM PUAbTPALUM CUTHAN AETEeKTopa COAEPKUT
BKnag obenx moaynauuin. Metog PM-IRRAS 3akntoyaeTcs B HabAOAEHUN PasAnUUA MexKay
NOrNOWeHNEM pP- U S-KOMMOHEHT MNONAPU30BAHHONO CBeTa Npu HoNbWKUX yrnax NageHus.
YNbTpPaTOHKME CAOU Ha METa/l/IMYECKUX MOBEPXHOCTAX B3aMMOAEWNCTBYIOT TO/NbKO C
p-COCTaBNAOLEN NONAPM30BAHHOIO CBETA.

Metog PM-IRRAS u3yyaeT BbICOKOYACTOTHble MOAYAAUUM S- U P-MONAPU3ALMKN CBETQ,
Nno3B0/1AA OAHOBPEMEHHO U3MEpPATb ABAa CUTHANA: PA3HULY B CMEKTPaAxX p- U S-COCTaBAAOLLNX
NONAPN30BAHHOIO CBETA M COOTBETCTBYIOLLLYIO CYMMY CNEKTPOB. 10 CpaBHEHUIO C KNACCUYECKUM
metogom IRRAS, cywecTBeHHbIM MPEUMYLLECTBOM [ABYXKaHaNbHbIX WM3MEPEHWUI NBAAETCA
OTCYTCTBME HEOobXOAMMOCTM MCNONb30BaTb 3TaNOHHble 06pa3ubl, YTO MO3BOASAET NOAPO6HO
nccnefoBaTb CBEPXTOHKME cnou, aacopbupoBaHHble M3 ra3oBOoM  ¢asbl MONEKYAbl WU

opraHn4yeCKne MmOHOC/I0MN Ha OTPa*KakloWwKnX NnoBepPxXHOCTAX.

5.2. CneKTpocKonuA NOr/ioWeHna YyCMNeHHOro Ha NOBEepPXHOCTH

MHPPAKPACHOrO U3Ny4YeHUsn

AnbTepHaTuBoit MK-cnekTpocKkonuu ansa ncciaenoBaHUA MOHOC/IOEB SIBASETCA MPUMEHeHNe
CNEKTPOCKONUM  MNOTNOLWEHNA YCUNEHHOrO0 Ha MNOBEPXHOCTM MeTanna MHPpakpacHoro
nsnyyenma (Surface-Enhanced Infrared Absorption Spectroscopy, SEIRAS). B metoze SEIRAS
NPOUCXOANT YCUNEHWNE CUTHANa noraouweHna MK-nsnyyeHna monekynon, aacopbmpoBaHHOM Ha
MeTaI/IMYECKON MOBEPXHOCTM C HAHOPA3MEpHOM LepoxoBaTocTbio (puc. 48). YcuneHue
BbI3BAHO  AMI/IEKTPUYECKMM  U3MEHEHMEM B  METa//IMYeCKON MNJIeHKe B  NO3Muuu
MOIeKYNSPHOTO KonebaHuA. LLMpoKkoe nornoweHne MeTanniMyeckon naeHKon, npomcxoasiee
C y4yacTMem Mn1a3MOHHOrO MONIAPUTOHA MOBEPXHOCTWU, OXBATbIBAET OAMMKHUMA WU CcpeaHui

MK-amanasoH u moaynupyetca annonem aacopbupoBaHHbIX MONEKY B Y3KOM KonebaTenbHOM
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AnanasoHe. Bcnepcrsue atoro, nonoca konebaHna agcopbrpoBaHHOM MONEKY/bl YCUNMBAETCA,
XOTA peanbHOe yCMAEHNe BbI3BAHO M3MEHEHMEM MOINOLWEHMA Camoro meTanna. Kak u 8 atobom
onTnyeckom adpdekTe 6anxKHero nons, B metoge SEIRAS ycmneHune curHana nponcxogmT TONbKO
B HenocpeacTBeHHOM 6AM30CTU K NMOBEPXHOCTU M BbICTPO NajaeT Ha rnybuHe cnos nopaaka
10 HM. B pesynbTate, MO/IEKyNbl NOBEPXHOCTM M MOJIEKYNbl 0O6bemMa BelLecTBa MOryT UMeTb

HEepPaBHO3HA4YHblE BKN1Aa4bl B KonebaHums.

Hunoms, Veuennoe
MHAYIMPOBAaHHBIN 3JIEKTPOMATHHTHOE
IUIa3MOHHBIM PE30HAHCOM norne

AncopbupoBaHHEIH

; / CII0H

¥

%
Toukas

... MeTalnudeckas
mienka (200 am)

UK-mya

BHyTpennuii oTpaykaTenbHbIH eMEHT
(Si, Ge mpuzma)

Puc. 48. MpuHyunuanbHas cxema memooa SEIRAS.

MeTog, SEIRAS MOXKeT OCyLLLeCTBAATLCA B PEKMME NPONYCKaHMA, O4HAKO OH NPenmyLLLeCTBEHHO
MCMNONb3YeTCA B PEXMME HapYyLWeHHOro MOAHOro BHYyTPeHHero oTpaxeHua (HMBO), roe Ha
OTparkaTesibHyto NoBepxHOCTb Npm3mbl HIMBO HaHeceHa meTannnyeckan nnaeHka tonwmHon 10-100
HM. TaKas onTuyeckasa KOHOUrypauua obnerdaer ynpaBAeHUE YCNOBUAMM CbeMKU CMEKTPOB.
Hanpumep, MoXHO NpoBoauTb aacopbumio obpasua Ha MeTa/lZIMYECKOM MNJIEHKE, CMEHY PacTBoOpa,
BO34ENCTBME CBETOM, MPUKNAAbIBATb HANPAKEHNE K METAN/IMYECKON NNEHKE.

MOCKONbKY yCMAMBAOWAA MOJie METANMYECKAA MNEHKA TaKXKe MOMEeT WMCNO/b30BaTbCA B
KavecTtBe anekTpoaa, metos SEIRAS yacto ucnonbsyeTca AN1A UCCAe0BaHUA SNEKTPOXUMUYECKNX
MeXKdasHbIX rpaHuL. B 3Tom ciyyae npoucxoauT NPAMON  MEPEHOC 3NEKTPOHOB C
aA4CcopOMPOBaAHHBIX MOMEKYN UAM Ha HUX, U NOABNAETCA BO3MOXHOCTb MOHUTOPUHIA CTPYKTYPHbIX

N3MEHEHWI B OKUC/IUTE/IbHO-BOCCTAHOBUTE/IbHbIX peakumsx (in situ).

5.3. CNeKTpOoCKONUA XapaKTepUCTUUYECKUX NoTepb SHEPIrUMU IN1IeKTPOHaMMU

Kak u3BecTHO, KonebaHMA B MOJEKy/lax MOryT BO3Oy)KaaTbCA B3aMMOAENCTBUEM C
BOJIHAMM U C YacTULAMW. B cnekTpoCcKonum xapakTepucTUYECcKMX NoTepb SHEPTrMn 3NEKTPOHaMMU

(Electron Energy-Loss Spectroscopy, EELS) uccneayemsbiit obpaseu, noasepraerca Bo3AencTBumIo
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ny4yka MOHOXPOMATUUYECKUX 3/IEKTPOHOB HU3KOW 3Heprun. YacTb 371eKTpoHoB byaer
npeTepnesBaTb HEYNpPyroe pacceaHue, YTo O3HaAYaeT YaCTUYHYIO MNOTEPIO SHepPrnn n Hebonbluoe
N NPOU3BOJIbHOE OTK/IOHEHWE TpaeKTopuu (puc. 49). Konnyectso NoTepsAHHON 31EKTPOHaMU
SHEpPrMnm MoXKeT ObiTb M3MEepPeHO C MCNOAb30BAaHMEM 3NEKTPOHHOro CrnekTpomeTpa W
WHTEPNPETUPOBAHO B CBA3M C Tem, YTO MMEHHO BbI3Ba/NI0 NOTepto 3Hepruu. Heynpyrue
B3aMMOAENCTBMA BKAOYAOT B ceba Bo3OyxKaeHWe GOHOHOB, MEX3O0HHbIX MNepexoaos,
WOHM3aUMI0 BHYTPEeHHen 060/IO4KM aToOMOB, MAAa3MOHHOro BO3OyXAeHuA. MoHM3auuo
BHYTPEHHMX 060/104EK NCNONL3YIOT AN 0OHAPYXKEHMA 31eMEHTAPHbIX KOMNOHEHTOB BELLECTBA.
Hanpumep, MOXKHO OBHapyKWTb, YTO NOCAE NPOXOXKAEHUA Yepes BELLECTBO YaCTb 3/1EKTPOHOB
MMeeT 3Hepruto Ha 285 3B meHblle, Yem Ha Bxode. ITa 3Heprus bblna NoTpayeHa Ha yganeHue
3N1eKTPOHA M3 BHYTpeHHel 060104KM aToMa yrnepoga. Takum obpa3om, MOXKHO nonaraTb, YTO B
nccneagyemon obnactn obpasua NPUCYTCTBYET 3HAUMTENbHOE KOIMYECTBO aTOMOB Yriepoaa.
Mcnonb3ya ¢ HEKOTOPOM OCTOPOMKHOCTbIO CMNEKTP NOTepPb SHEPrMWU, MOXKHO OMPeAennUTb TUMbI

dTOMOB N YNC/10 aTOMOB KaXX40ro tTuna, noABeprHyTbixX BO3AEVICTBMI-O Ny4yKa 3/1EKTPOHOB.

Kamepa
CBEPXBbICOKOro
Bakyyma JlunosbHoE
e € paccesinue
e~ ¥YaapHoe
paccesinue
Obpasey

Puc. 49. lNpuHyunuansHas cxema memooa EELS.

MoTepu sHeprum pacceaHHbIX 3IEKTPOHOB OMUCbIBAOTCA caeaytowen Gopmynoi:
E=E,—hy,
roe E—sHepruna pacceAHHOro sanekTpoHa, Eo — sHeprua nagatowmx aN1eKTPoHOB,
h — noctoAaHHaA MNnaHKa, v —4YacTtoTa Bo3byKaeHHOro konebaHus.

B cBA3M C MCNO/Nb30BAaHMEM 3NEKTPOHHbLIX MYYKOB, BCE IKCMEepUMEHTbl NPOBOAATCA B
YCNOBUAX CBEPXBbICOKOrO BaKyyma W MO BO3MOXHOCTM HA NIOCKON MOBEPXHOCTU KpUCTanna
mwam  ¢donbrn. B oTamumMe  OT  MHOPAKPACHOM  CNEKTPOCKONMM U CNEKTPOCKOMNUM
KOMOMHALMOHHOIO pacceAHus, KOTopble OrpaHWyeHbl KonebaHmamMM C  U3MEHEHUEM
OMNONBbHOTO MOMEHTA MM MONIEKYNAPHOW nonapusyemoctn, meton EELS obHapykumBaeT Bce
KonebaHua. lMpu 3TomM Heynpyroe paccesHUE MOXKET MNPOUCXOAUTb MO MEXaHWU3MY WUAn

AVNONBHOTO, UM YAAPHOTO pacceaHus.
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B mexaHM3me AMNONbHOrO pacceaHMA BO3HMKAET AA/IbHOAENCTBYIOWEE B3aMMOLENCTBUE
MeXKAY 3NIeKTPUYECKMM NosemM NaZatowero 3/eKTPOHa U AMHAMUYECKMM aunonem agcopbara.
3TO Nose HanpaB/ieHO NePNeHANKYNAPHO NOBEPXHOCTU M BO3OYKAAET TONbKO Te KonebaHusa, B
KOTOPbIX AMMNONbHBIN MOMEHT W3MEHAETCA A0 HANpPaBAEHMA HOPMAAM K MNOBEPXHOCTM.
BblneTalowmim 3NeKTPOH TEPAET IHEPTUIO B KONMYECTBE, IKBUBANEHTHOM hv, U N1€TUT, TNaBHbIM
obpasom, B 3epKasbHOM HanpassieHuu, nogobHo UMK-nsnyyenuio B metoge IRRAS. Mpasuna
oTbopa Ans AuNonbHOro paccesaHua B metoge EELS Takue ke, yto u ans IRRAS, ogHako, B
cnyyae EELS mexay 4acToTOM 3/1€KTPOHHOW BO/IHbI U BO3DOYXAEHHbIM KonebaHuem HeT
pe3oHaHca.

BTopoii mexaHM3M BO3OyXAEHWUA, yOapHOe paccesHWe, BKAOYAeT B ceba OGAMKHee
B3aMMOAENCTBME MeXAY 3/EeKTPOHOM W MONEKY/IoM (CTONKHOBEHWME), KOTOpasa paccemBaeT
3/IEKTPOHbI NOA Pa3NMYHbIMM YrAamu. [onesHoe CBOMCTBO YAAPHOrO pacceaHMA 3aKA4YaeTcs B
TOM, YTO MOryT BO36yKaaTbcAa BCce KonebaHuA, a He TONbKO AMMNO/bHO-aKTUBHbIe. MpK 3TOM
3/IEKTPOH MOMKET TaKxKe 3abpaTb YacTb 3HEPrnn B KOIMYECTBE hv OT BO36YKAEHHbIX MOEKY
Y BblNETETb C NOBEPXHOCTU C IHEPruei, sKkBnaaneHTHom E, + hv.

Kak ykasaHo Bbiwe, B EEL-cneKTpe 3n1eKTPOHOB, pacceAHHbIX B 3€pKabHOM HanpaBAEeHUM,
3aperncTpUpoBaHbl TONbKO AMMNONbHO-aKTUBHbIE KonebaHma. bonee M30TPONUYHO paccesiHHble
3NEeKTPOHbl MNOABEPraloTCA yAapHOMY pacceAaHUto M Bo3byxpaatoT oba Buaa KonebaHui.
CpaBHeHue EEL-cneKkTpoB, 3anuCaHHbIX B 3€pKaJlbHOM MW APYrux HanpasBneHuAx, p[aeT
nHbopmaumto 06 opmeHTaunmn aacopbnMpPoBaHHON MONEKYbI.

K EELS-cneKTpomeTpam npeabaBAAaeTca pas XKecTKux TpeboBaHui. Bo-nepBbix, NnepBuUYHbIE
3NEeKTPOHbI AO0N¥Hbl ObITb MOHOXPOMATUYECKMMM C KaK MOMKHO MeHblwKMM paszbpocom no
saHepruam (KenatenbHo ~ 1 m3B). BO-BTOpPbIX, 3HEPrna pacCcesHHbIX 3/1EKTPOHOB A0/XKHA
N3MEePATbCA C TOYHOCTbIO HE XyXKe 1 M3B. B-TpeTbMX, 3/IEKTPOHbI HU3KUX SHEPTUIA A0NKHbI OblTb
3¢ PEKTUBHO 3KPAHMPOBAHbI OT MarHUTHbIX NONEN.

MeToga EELS no3ssonset 3adpuKCMpoBaTb NOTEPU IHEPINUM B OYEHDb LUMPOKOM AMANA30HeE,
KOTOpbIM BKAtOYaeT B ceba Becb MK-AnManasoH v Aarke 3NeKTPOHHble Nepexoabl BENYMHON B
HecKonbKo 3B. B yacTtHocTn, metog, EELS B oTanume IRRAS, aaeT BO3MOXKHOCTb perucTpnupoBaTb
KonebaHua B amanasoHe 50-800 CM'l, XapaKTepHOM ANA MeTann-yrnepos n MeTann-kmucaopog,
Ba/IeHTHbIX KONebaHMMW, a TaK¥Ke MHOMMX CKeneTHbIX KosnebaHuit 6onblinx monekyn. Mo
CPaBHEHUIO C ApYrMMKM BUMAAMM ONTUYECKOW crnekTpockonuu meton EELS paet 6onbliee
KonuyectBO WHbopmauuMmM o KonebaTenbHbiX YacToTaX, OAHAKO €ero npaKTuyeckoe

MCNONb30BaHME OrpaHMYEHO HEBLICOKMM paspewweHnem EEL-cnektpos (10-30 cm'l) 7
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HeobXo4MMOCTbIO MCNOMb30BaTb TO/ILKO MAOCKME nosepxHocTU. MeTtoa EELS, Tak e Kak u
IRRAS, 06bl4HO WMcCnoONb3yeTcA ANA M3YYEeHUA MOHOC/IOEB Ha MNOBEPXHOCTU OAMHOYHbIX

KpuUctannaos metanana.

5.4. CneKTpocKonuA reHepauMm CYyMMapHbIX 4acToT

Ona netanbHbIX UCCNeA0BaHUN MONEKYNAPHOM CTPYKTYPbl U AMHAMUKU HA NOBEPXHOCTU U
Ha rpaHuue pasgena a3 UCNo/b3yeTca CNEeKTPOCKONUA reHepaunmn CyMmapHbIX YacTtoT (Sum
Frequency Generation, SFG). Ype3BblyaMHO BbICOKAnA NOBEPXHOCTHAs CENeKTUMBHOCTb Npolecca
SFG no3BonseT nccneposaTtenam CocpefoTouMTbCA Ha TOHKOM C/10€ U3 HECKONIbKUX aTOMOB UK

MOJIEKYN Ha rpaHuue pasgena das (puc. 50).
Vir Vaer = Vo + V
SFG VIS IR IIIIIIIIIIIIIIIIIIII

Vvis

VsFG

ViR

Puc. 50. MNpuHyunuaneHas cxema memooda SFG.

B SFG-cneKkTpocKonuu, ABa MMNY/IbCHbIX 1a3€PHbIX /ly4a, OAMH U3 KOTOPbIX, KaK NpaBuno, c
dOMKCUMPOBAHHOM YAacTOTOW B BUAMMOM AMana3oHe, a APYro — C peryiMpyemoin 4acToTon B
MHPpaKpacHOM Amana3oHe, HaKAaAbIBAKOTCA APYr Ha Apyra BO BPEMEHW W MPOCTPAHCTBE Ha
rpaHuue pasgena $a3 U reHepupyroT TPETUIM y4d, 4acToTa KOTOPOro ABAAETCA CYMMOM
ONTUYECKMX YACTOT ABYX MCXOAHbIX nydyen. CBET CYMMWMPOBAHHOM 4acToTbl oboux ny4ven
peructpupyetca B oTpaxeHuu. Mo cytn, SFG-cnekTpocKkonua ABaseTca cneuuduyHon no
OTHOLUEHMIO K MOBEPXHOCTU, MOCKOJIbKY FreHepauua CYMMApPHbIX YacTOT MPOUCXOAMUT TOJIbKO
Tam, rge HapylwaeTcA WHBEPCMOHHAA CUMMETPUA. ITOT HENMHENHbIA ONTUYECKUM npouecc
3anpeleH B cpeaax, Kotopble 061a4al0T MHBEPCUOHHOM CMMMETPUEN, Hanpumep, B obbeme
BewecTsa (bulk). B pesynbrate, onpegeneHHbln SFG-cUrHan perncTpupyeTca UCKAYUTENBHO OT
MOHOCN0A Ha rpaHuue pasgena ¢pas 6e3 nHtepdpepeHunn ¢ GOHOBLIMU CUFHANAMK OT BCEro
obbema BellecTBa.

Teopua SFG 6bina pa3pabotaHa B 1960-x rofax, OfHAKO, HE MOAYYMNa LIMPOKOro
pacnpocTpaHeHua. MeTtog SFG 6bln 3aHOBO OTKPbIT B KoHue 1980-x, KaK aHa/UTUYECKui
WHCTPYMEHT ANs MCCNefoBaHUA MOBEPXHOCTU C YyBCTBUTE/NbHOCTbIO A0 cybmoHocnoa. [ns

nonyyeHnn SFG-curHana TpebyroTca MHTEHCUBHbIE la3epHble MMNyabebl (5-15 maxk, Dt = 3 nc).
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Ha paHHUX 3Tanax pa3BuTuMA SFG-CNeKTPOCKONMMM OCHOBHAA TPYAHOCTb 3aK/ak4vanacb B
OTCYTCTBMM NepecTpamBaembIX B CpeAHEM U Aa/ibHEM MHPPAKPACHOM AMana3oHax MCTOYHUKOB
C M3NyYeHMemM [O0CTaTOYHOM MOLLHOCTU, KpPOME TOro, MuccnefoBaHua Oblnv OrpaHUYeHb!
6nkHUM MK-gmanasoHom (> 2000 CM'l). B nocnegHune HECKO/IbKO f1eT CNEKTPOCKONMYecKasn
obnacTb bblna pacwMpeHa B CBA3U C NOABAEHUEM MOLLHbIX HAacTONbHbIX MK-na3epos. [aBHbIM
npemmyiectsom SFG-CMeKTPOCKONUM  ABNAETCA €ero MHOrorpaHHaa npPUMEHUMOCTb K
NpPaKkTMYeckn Nbbim rpaHmuam pasgena ¢as (TBepaoe/*KUAKOCTb; ras/ ULKOCTb; KUAKOCTb/
KUAKOCTb, Hanpumep, rpaHuua pasgena ¢as HedTb/Boga). B atom SFG-cnekTpockonus
NPeBOCXOAUT ApPYrne NoBEPXHOCTHO-YYBCTBUTEbHbIE KONebaTebHble MeToAbl, Takue Kak SERS
nnn SEIRAS, KoTopble OrpaHuMyeHbl B TOM, 4YTO TpebylT NPOBEAEHMA 3IKCNEPUMEHTOB Ha
MeTaNNNYecKnx noBepxHocTAX. SFG-CNeKTpocKonuAa Mno3BONAET AeTasibHO MUCCNefoBaTb Ha
MONEKYNSPHOM YPOBHE LUMPOKUIM CMAEKTP CUCTEM, B TOM UYUCAE HUAKME W TBepAable
NOBEPXHOCTU (B YACTHOCTW, TrpaHULbl pa3gena ¢a3 BOAbl), MOBEPXHOCTM MNOJUMEPOB,
6rnomembpaH, aacopbupoBaHHbIe Ha NOANOXKKaAxX bBuomonekynbl (6enkos, yrnesogos u AHK),

opraHn4yeckue MOHOC/I0MHbIE mMaTepunasbl U NTOBEPXHOCTU MUKPOYACTUL, N HAHOCTPYKTYP.

5.5. CneKTpoCKonuA Heynpyroro TYHHe/JIMPOBaHUA 3/1IEKTPOHOB

Ona pewenna pa3nmMyHbIX 33434 XMMUM NOBEPXHOCTM U KaTanu3a, MccieaoBaHua agresvmm
N KOPPO3UM NPUMEHAIOT CNEKTPOCKONMUIO Heynpyroro TYHHeANMpPOoBaHMA 31eKTpPoHoB (Inelastic
electron tunneling spectroscopy, IETS). B meTtoae IETS nponcxoamT TYHHENMPOBaHME 3/IEKTPOHA
MeXay ABYMA METANIMYECKUMU 3SEKTPOLAMM, pPas3Ae/iEHHbIMU TOHKUM MPOMENKYTOYHbIM
cnoem uccnepyemoro okcuaHoro obpasua (puc. 51). Obpasubl gna vccnenoBaHWA TOTOBAT
cnepyowmm obpasom. Ha YMCTYO M30NALMOHHYIO NOAJIOXKKY B YC/IOBUAX BaKyyma (™ 10°® TOpP)
HanbINAETCA TOHKAnA MeTa/l/IMyecKkas naeHka (tonwmHol ~ 100 HM), Aanee oHa OKUCASIETCS Nog,
AencTBnem Kucnopoga uMam Bo3ayxa, Mb60 C MCNONb30BAaHMEM aHOAMPOBAHUA B TAEHOLEM
pa3page. 3aTem MOAYYEHHAA NJIEHKA OKCMAAQ AOMNUPYETCA TEM MATEPMANOM, KOTOPbIM XOTAT
nccnepoBatb. [logrotoBka ob6pasua Ana  MCCAeAoBaHWA  3aBepLUaeTca  HanbleHUMeM
NPOTMBO3NEKTPOAA Yepe3 BTOPY MeTaNMYeckyto macky. Ecam agcopbuma npoucxoamTt Ha
BbICOKONOBEPXHOCTHOM OKCUAE WAM HA METaN/IMYEeCKUX 4YaCTULaX, HAaHECEHHbIX Ha OKcuA,
npoueccbl MNoTepu B TYHHE/AMPOBAHMW 3SNEKTPOHOB YBE/NMYMBAKOTCA B COOTBETCTBMU C

Ko/siebaTeIbHbIMM KBaHTamu a,CI,C0p6VIpOBaHHbIX BewecTB.
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OneKTpoH
MeTanna

Apcopbar MeTann

OKcnaHbIA MeTtann
CrnoW I

Puc. 51. MpuryunuaneHas cxema memooda IETS.

Metog IETS aBnAetcAa  4yBCTBUTE/NbHbIM  METOAOM, MNO3BONANOWMM  MOAYYaTb
KonebaTenbHble CNEeKTPbl MOHOC/IOMHbIX MAN CYOMOHOCNOMHBIX NOKPbLITUIM HA FpaHuLEe pa3aena
OKCMAA B COEANHEHUU MeTanN-u3onatop-meTtann. Metos 4yyscTBUTENEH KO BCeEM KonebaHuaAm
Ha NOBEPXHOCTU, MMEET XOPOLLEE Pa3peELUEHNE U LUMPOKNUI CMEKTPANbHbIN AMANA30H, U MOXET
MCNONb30BaTbCA ONA UCCNeAO0BAHMA OKCUMAO0B U HAHECEHHbIX HAa MeTan/Invyeckme MOAN0XKKM
OKCUAHbIX cuctem. MeTog, EITS Takke obecneumBaeT MHbopmMaLnio 06 OpUeHTaUUM MONEKYA
OTHOCUTEeNbHO noBepxHocTn. OagHako meton EITS mmeeT pAg HeOoCTaTKOB, TaKMX Kak
HeobXxo4MMOCTb WMCMNO/Ib30BaHUA MNPOTUBO3NEKTPOAA, PErucTpauma CNeKTPoB NPU  HUBKUX
TemnepaTtypax C UCNOJIb30BAHNEM XKMOKOTO refinA, a TaKKe HEeBO3MOMXKHOCTb MCMOAb30BaHMUA

MeTaninyeckmnx HOBerHOCTEVI OANHOYHbIX KPUCTANNOB.

5.6. CneKkTpocKonua Heynpyroro paccesiHUA HEMTPOHOB

MeToz, CNeKTPOCKONWU Heynpyroro pacceaHnsa HeWTpoHoB (Inelastic neutron scattering
spectroscopy, INSS) ocHoBaH Ha aHanu3e pacnpeaeneHua No 3HEePrMn HeMTPOHOB, KOTOpble
noABepratoTca Heynpyromy pacceaHuto Npu B3aMMOAEWUCTBUU C UCCAeAyeMbIM XMMUYECKUM
BewectBom. [py B3aMMOLENCTBUM C MOBEPXHOCTbIO HEWTPOHbI CTA/IKMBAKOTCA C ALPaAMMU
aTOMOB W npuobpeTaloT MO0 TepAT KUHETUYECKYto 3Hepruto (puc. 52). YHWKanbHas
0cobEeHHOCTb 3TOr0 MeToAa 3aK/kyaeTcA B OTCYTCTBMWM npaBua oTbopa AnA Heynpyroro
pacceaHnAa HEMTPOHOB, NO3TOMY BCe KosiebaTenbHble nepexoabl B NpMHLUMNE akTMBHbI. OgHakKo,
MX WHTEHCMBHOCTWU 3aBUCAT OT MOMEPEYHOro CeYeHUA Heynpyroro paccesaHma HENTPOHOB U
aMNAUTYZ BCEX aTOMOB, BK/IHOYEHHbIX B COOTBETCTBYylOWEee KonebaHue. [JaHHble nonepeyHble
CeYEHUA ABNAIOTCA XaPAKTEPUCTUMUHBIMM ANA KAXKAOr0O 3/1emMeHTa WM He 3aBUCAT OT UX
XMMUYECKOTO OKpYyKeHuA. MeTon ABAAETCA BbICOKOYYBCTBUTE/bHbIM MO OTHOLIEHUIO K

KonebaHuAM, BKAOYAOWMM B ceba ABUKEHME aTOMOB BoA0poaa (HO He aenTepus).
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Puc. 52. MNpuryunuaneHas cxema memooda INSS.

PaccesHWe Ha BoAoOpoAe onpenenaetca CyMMON MHTEHCUBHOCTEN OT OTAENbHbIX aTOMOB.
Korga Booopos OoTCyTCTBYET, B paCcCeAHUM, KaK NPaBUI0, LOMUHUPYIOT KOrepeHTHbIe BKAaAbI C
y4yacTMemM ABUXKEHUA nap aTomos. B ntobom cnyvae, metoabl ab initio moryt 6biTb NpoBepeHbI
nyTem cpaBHeHUA paccymTaHHbIX INS cnekTpanbHbIX MHTEHCMBHOCTEW, a TaKXKe 4acToT
KonebaHW  MONEeKyn € 3aperncTtpMpoBaHHbIMM  CleKTpamu. B caydasx, Koraa
MeXMOIEKYNAPHbIE B3aMMOAENCTBMA, Hanpumep, BOAOPOAHble CBA3M, MMetoT 6onbloe
3HAYeHMe, OHW [O/KHbl ObITb BKAOYEHbI B ABHOM BuAe. [NA AeTaNbHbIX MCCNen0BaHUM
NMOBEPXHOCTU CUCTEM C BOAOPOAHLIMMU CBA3AMM UCMONb3YIOT CENEKTUBHOE AEeNTepUpOBaHME.
Ha onpegeneHHOm ypoBHe paspeweHua, 3GdeKTbl MEXMONEKYNAPHbIX B3auMOAENCTBUN
obHapyKmBatoTca Aaxe pns yrnesogoponos. Metog INSS mcnonbsyetca ana onpepeneHus
OpPUEHTaLUIN 1 NONIOXKEHUIN afcopbrMpPOBaHHbIX MONEKY/, @ TaKXKe 1A OXapaKTepPU30BaHUA CUA,

CBA3bIBAOWNX MONEKYNTY C MOBEPXHOCTbLIO.

5.7. UK-cnekTpocKonuyeckasa anamncomeTpusa

MK-cneKkTpockonuyeckaa asnnauncometpua (Infrared Spectroscopic Ellipsometry, IRSE)
ABNAETCA YYBCTBUTE/IbHbIM OMNTUYECKMM METOA0M onpeneneHus CBOWCTB MOBEPXHOCTEN W
TOHKMX NNEHOK. B cnyyae, Koraa IMHEMHO NONSPM30BaHHbIM CBET OTPaXKaeTcs NPM HaKNIOHHOM
nafleHMn OT MOBEPXHOCTU, TO OTPAXKEHHbIN CBET ABAAETCA 3//IUMTUYECKU MONSAPU30BAHHbLIM.
dopma M opueHTauMAa 3SAAMNCA 3aBUCAT OT yrAa NageHus, HanpasiaeHua noaapusauum
NajaloLLero CBeTa, M OTPaKaloWMX CBOMCTB NOBEPXHOCTU. MoNApM3aLmNI0 OTPAXKEHHOIO CBeTa
MOHO M3MEPUTb C MOMOLLbIO YeTBEePTbBOSIHOBOW MAACTMHbI M aHanusaTopa. HanpasBneHus
4eTBEePTbBO/IHOBOW M/IACTUHbI M aHa/NM3aToOpa BapbMPYylOT A0 TOr0O MOMEHTA, Koraa CBeT
nepectaeT NPOXOAWUTb Yepe3 aHanusaTop. M3 aTUX HanpaBAeHUN U U3BECTHOrO HanpasaeHuA
nonApusauMM nNajalowero CBeTa BblYMCAAKOTCA OTHOCUTENbHbIA  Gas30BbId caBur A wu
OTHOCUTENIbHOE W3MeHeHMe amnantyapl W, nosBMBLUMECA NPU  OTPaKEHUM CBeTa OT

nosepxHocTu (puc. 53).

90



WcToyHnk HetexTop
cBeTa
8
Monapuszatop AHannsaTop
Obpazey

Puc. 53. MpuHyunuansHaa cxema UK-cnekmpockonuyeckol anauncomempuu.

Ona nsmepeHnsa Tex U3IMeHEHUM, KOTopble NPOUCXOAAT C COCTOAHMEM NOAAPU3ALMN CBETA
npu oTpaxeHunM oT obpasua, MCcnonb3yT npubopbl, HasbiBAaeMble 3NIUNCOMETPAMM.
MocKonbKy nNpubop M3MepAeT U3IMEHEeHMA nonapusaumm, BeposAaTHO, HGonee nNoaxoaALMUM
HaszBaHMem 6bino 6bl «MONAPUMETP», OAHAKO, NPU MOABMEHUWU SAIUNCOMETPA TEPMUH
«NONAPUMETP» Y¥XKEe WCNONb30BaNACA KaK Ha3BaHWe npubopa ANA WM3IMEPEHMA yAeNbHOro
BPALLEHMA ONTMYECKM aKTUBHbIX MaTepuanoB. TaK Kak obliee cOCToAHME NONspM3aL MK CBETA,
OTPa)KEHHOrO0 OT MNOBEPXHOCTU, ABAAETCA  3SNNUATUYECKUM, Obla  BbIOpaH TepMUH
«nauncomeTtp». Ecnm obpasey, npetepneBaeT M3MEHEHMUA, Hanpumep, MeHAeTCA TOLLMHA
TOHKOW MNJIEHKM Ha MNOBEPXHOCTM, TO CBOWMCTBA OTPAXKEHMA TaKkKe OyayT MeHATbCA.
KonnuyectBeHHOE M3MepeHWE U3MEHEHWUI OTparkaTesibHbIX CBOMCTB MO3BOAAET ONpPenennTb
baKTUYecKoe n3MeHeHne TONLWMHbI NAEHKMN.

MeTog, IRSE moxeT aatb MHGOPMaALUIO O CNOAX C TOAWMHOMW MEHbLUE, YEM AJ/IMHA BOJIHbI
cBeTa, BMNNOTb A0 OAHOr0 aTOMHOrO cnoA. B 3aBMCMMOCTM OT TOro, YTO YyXKe WM3BEeCTHO 06
obpa3ue, AaHHbIM METOA40M MOMKHO MCCNeAoBaTb CMEKTP CBOWCTB, BKAKOYAA TOALWMHY CAOS,

MOPHONOTUIO, NI XUMUYECKUIA COCTAB.

5.8. CneKTpocKonNMA NOBEPXHOCTHbIX 3/IEKTPOMArHUTHbIX BOJIH

MeToz CneKTPOCKONMM NOBEPXHOCTHBIX 3/IEKTPOMArHUTHBIX BOAH (surface electromagnetic
wave spectroscopy, SEWS) naetT BO3MOMHOCTb M3y4aTb NPOLECCbl KOPPO3MU, MEepPecTpoinKku
NOBEPXHOCTU, Nony4aTb KonebaTenbHble CneKTpbl aAcopbUpPOBaHHbIX MONEKYN U onpeaensTb
ONTUYECKME KOHCTaHTbl aACOPOMPOBAHHbLIX CNOEB W HAHECEHHbIX TOHKUX MIEHOK, a TaKXe
CaMUX  MeTaNIn4yeckmx nosepxHocten. Meton SEWS He TpebyeT uMcnonb3oBaHUA
CBEPXBbICOKOTO BaKyymMa U MOXKET MPUMEHATLCA B NPUCYTCTBMM ra3006pa3HbIX peareHToB. Tak
Xe, Kak u anauncomeTpua, meton SEWS ucnonbsyetca gna mccnefoBaHUA MOHOCIOMHbBIX U

CyOMOHOCNOMHbIX NOKPbLITUNA.
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Ha puc. 54 npuBeaeHa cxema BO3OY)KAEHWSA MOBEPXHOCTHbIX 3/IEKTPOMArHUTHbIX BOJIH
(M3B) aneptypHbiIM meTogom. BxoaHasa (3asop di) u BbixogHaa (3a3op dy) anepTypsl
obpa3oBaHbl C MNOMOLLbIO NE3BMWA, 3aKpPEnneHHbIX Haja MNoBEpXHOCTblo  obpasua.
CdhoKycnpoBaHHbIM Ny4 nasepa HanpasasaoT B 3a30p di noA yriom B K noBepxHoCcTM obpasuya.
Mpn paudpakuymm B 3a3ope d; ob6bbemMHoe Wu3nyyeHuMe npeobpasyetca B 3B mn B
andparnpoBaHHble Nyun. I¢PeKTMBHOCTb Npeobpa3oBaHMAa ob6beMHOro msnydeHua B 9B
3aBUCKUT OT yrna B, 3a3opa d; U maTepunana NOANOKKN. nA Kaxkaoro obpasua onTMmanbHble B u

d; noabupatoTca sKcnepuMeHTanbHO.

°C

Obpaszsel
Puc. 54. Cxema 8036yx#0eHUs NOBEPXHOCMHbIX 31eKMPOMA2HUMHbIX 80/H AriepmypHbIM MemoooMm.

B metoge SEWS amnantyga snekTpomMarHUMTHOro Nona AocCTuraetr CBOero MakCMmyma Ha
NOBEPXHOCTM M IKCMOHEHUMANbHO NajaeT C yBeAMYEHUEM PACCTOAHMA A0 FPaHuMUbl pasgena
¢$a3. ITo no3BosAeT Mcnonb3oBaTb meTod SEWS Kak YyBCTBUTENbHbLIN TECT ANS ANArHOCTUKMK
COCTOAHMA NOBEPXHOCTU, OOHAPYKEHUA U UCCNeA0BAHUA TOHKMX MIEHOK U NepexoaHblX CN0eB
Ha NOBEPXHOCTU. BbiCOKaA 4yBCTBUTENbHOCTb 9B K CBOMCTBAM NPMMNOBEPXHOCTHbIX C10€B AaeT
BO3MOXHOCTb MCMO/b30BaTb AaHHbIA MeTo4 ANA peweHua npobaem MUKPO3INEKTPOHMUKM,
nccnefoBaHUA NPOLECCOB OKUCNEHUMA METANIOB, UCCNeA0BaHMA (GU3MYECKON U XMMUYECKOM
agcopbummn, M3y4eHUs OMNTMYECKUX CBOMCTB YAbTPATOHKMX MJEHOK W COo34aHWEe HOBbIX
6uoceHcopos.

MoBEPXHOCTHbIE 31EKTPOMArHUTHbIE BOMIHbI BO3DOY)KAaloTCA Ha rpaHuue pasgena ¢as B
Cnyyae, ecnu AencTBUTENIbHbIE YacTU AUINEKTPUYECKMX MPOHULAEMOCTEN rpaHuUYalLmMX cpea,
MMEIOT NPOTUBOMNONONKHbIE 3HaKK. 9B MOryT cyLLecTBOBaTb Ha NOBEPXHOCTM METANN0B BMNIOTb
[0 YOd-gmanasoHa M Ha AWSNEKTPUYECKOW MNOBEPXHOCTM — B CMNEKTPa/bHOM AManasoHe
OCTaToYHbIX ny4yei. MIB ABNAOTCA He WM3Ny4yaTeNbHbIMM MOAAMM P-NOAAPU3aLUU, U UX
BO/IHOBble BEKTOPbl 60/blle BONHOBOrO BEKTOpA CBeTa. TakMm obpasom, AnA BO3byKAeHMA
MN3B Ha uccneayemoi NOBEPXHOCTM, HEOBXOAMMO MCNONb30BaTb ANGPAKUNOHHBIA INEMEHT
(npmamy, AMOPaKUMOHHYIO peLWeTKy, LWeb). ITU YCNoBMA NPUBOAAT K oONpeaeneHHbIM
TpeboBaHMAM K XapaKTepUCTUKAM WUCTOYHUKOB M3/y4eHUA, UCNONb3YyEeMbIX AR BO3BYKAEHMSA
M3B: u3nyyeHWe A[ONKHO MMETb [AO0CTaTOYHO BbICOKYD MHTEHCMBHOCTb M obecne4ymBaTtb

[OCTaTOMHO  KeCTKyto  (OKycMpoBKy. Jlasep ABAAETCA  COBEPLIEHHbIM  UCTOYHUKOM
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NK-usnydyenna pana Bo3byxkaeHusa [3B. KonnumupoBaHHOE MNOAAPM30BaHHOE NasepHoe
n3nyvyeHme MOKeT ObiTb Nerko cPoKyCMpoOBaAHO B MATHO Manoro pasmepa u 3PPpekTnBHO
npeobpasoBaHo B [19B. PaHee ansa Bo3byxaeHua MNIB B MUK-ob6nactu cnektpa npumeHsanm CO u
CO, na3epbl c peryanpyemon 4yactotoh. OpHAKO NPUMEHEHWE [AaHHbIX /a3epoB B
M3B-cneKkTpockonuu 6biN0 CUNABHO OrPaHMYEHO B CBA3M C TeM, YTO YacTOTa TAKUX Jla3epoB
MOXET PerynampoBaTbCA TOIbKO B Y3KOM CNEKTPasbHOM guana3oHe. Bnocneactsnn oHW 6biam
3aMeHeHbl  nas3epamM  Ha  CBOBOAHbLIX  3NEKTPOHax,  CnocobHbIMM  MPOU3BOAUTH
BbICOKOMHTEHCUBHOE M3/y4EHME, HACTOTA KOTOPOro MOXKET ObiTb HAaCTpPOeHa B Honee LNMPOKom

CneKkTpasbHOM Ananasoe (100 — 2000 cm™).

5.9. UK-cnekTpocCKonNuA ¢ paspeweHnem No BpemeHuU

MeTon WK-cnekTpockonuu c¢ paspeweHnem no BpemeHu (Time-Resolved Infrared
Spectroscopy, TRIR) ABnsaetca pa3sutnem UK-cnekTpockonnyeckoro metoaa ucciefoBaHuA BO
BpeMeHHOM 0611aCT OT HECKONbKUX MUHYT A0 demMTOoCeKyHA. [NAa KaxKAoro KOHKPEeTHOro

BPeMEHHOro peXuma ucnosbayercs ceost metogamka TRIR (puc. 55).

CeepxbbicTpoe

BblcTpoe CkaHWpoBaHWe Crpo6ocKonuveckHi MMNynbCcHO-acMHXP OHHbIN
cKaHWpoOBaHWe meTon meTon
] s - oy
//[ 5

BpemeHHOW pexnm (c)

\ .y A )

Mowarosoe HenHTtepdepomeTpnieckne metToabl
cKaHWpoBaHWe € UCNoNb30BaHWEM Nasepa

Puc. 55. BpemeHHas wKasna memodos TRIR.

B metogme TRIR ¢ pevmom 6ObICTPOro CKAHMPOBAHWA WCMNONb3YeTCA KAACCUYECKUi

nHTepdepomeTp MankenbcoHa. CKOpPOCTb MNepemelleHMA 3epKana BbibupaeTca Takum
obpa3om, 4TOObI Ha LlWKane BPEMEHU AMHAMUYECKUX COOLITUIN, KarkAgoe CKaHMpoBaHue
NPOUCXOANNO0 MIHOBEHHO. TUMMNWYHbIE CKOPOCTM 3epKana pAnAa CTaHA4apTHbIX nNpubopos
COCTaB/AKT OT HECKONbKUX COTeH A0 ~6 cm/c, obecrneymBasa OMTUYECKME CKOPOCTU BABOE
BbllLE, YeM 3TWU 3HaYeHMA. MaKCMMabHAA YacToTa CKaHMpoBaHUA coctasaaeT 70 Iy, (15 mc Ha
1 ckaH), 4TO No3BO/IAET HabAOAATb U OXapaKTepPU3oBaTb AMHaMMYECKOe cobbiThe ¢ Nnepruoaom

nonynpespaweHua 8 500 mc.
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OAHaAKo, MHOTUE XMMUYECKME U PU3MYECKMEe MNPOLECCHl, TaKMe KaK peakuuu ropeHus,
CNEKTPOINEKTPOXMMUYECKME  IKCMEPUMEHTbl,  Heynpyrme  agedopmauum  NOJMMEPOB,
NPOUCXOAAT BO BPeMeHHOM MacluTabe meHee 100 mMc M He MoryT 6biTb MCCNeAOBaHbI C
nomolLbio Knaccuyeckont UK-dypbe cnekTpockonum B pexkume BbICTPpOro CKaHMpoBaHus. B
CBA3M C 3TUM, HECMOTPA Ha TEXHONOTMYeCKUe TPYAHOCTM, CBA3aHHbIE C OpraHusauunemn

CKaHWpOBaHMA ¢ YyacToTon 6onee 25 Iy, Heob6XoAMMOCTb B UHTepdepomeTpe CBEPXDOLICTPOro

CKaHMPOBAHMA CTUMYIMPOBaNa HOBbIE YCUIMA B CO34aHMM NpUbopa ANA YBENUYEHNA CKOPOCTH

NoNy4yeHUA CNeKTpoB. bblan npeano)keHbl pasnuyHble moauduKaumu uHTepdepomeTpa C
MCNO/Nb30BaHMEM BMECTO MOCTYNaTe/NbHOro ABUXEHWA 3epKana BpalwatenbHOe ABUMKEHMe.
MHorne 13 nepBoHavasibHbIX KOHCTPYKLMA Npeactasnanm cobon nHrepdepomerp, B KOTOPOM
ONTMYECKasa CXxema [0MNyCcKaeT NOBOPOT TO/IbKO Ha Ma/blil yron, YTo NPUBOAWUT K BO3BPATHO-
nocTynaTenbHOMY ABUXKeHUIo. [laHHaA cxema KoAVMPOBaHWUA CMEKTPaAsibHbIX AAHHbIX UMeeT Te
e MexaHWYecKme OrpaHMyYeHuns, YTO U KOHCTPYKLUMA C NOCTyNaTeIbHbIM ABUXEHUEeM 3epKana.
bonee no3aHMe KOHCTPYKUUM MCMOJb3YHOT MOJIHOE BpalLeHWe ONTMYECKOro 3nemMeHTa AnA
CO34aHMA ONTUYECKOW UHTepdepeHuMn. ITO AaeT BO3MOXHOCTb PACKpyuMBaTb 3epKano C
BbICOKOM  YrNOBOM  CKOPOCTbiO 6e3  HeratMBHbIX NO6OYHbIX 3dpdeKkToB  BO3BPATHO-
nocTynaTenbHoro AsuxeHuAa. O[HAKO, MOCKO/bKY BPaLLAOWMMCA ONTUYECKUN dN1eMeHT
ABNAETCA MNJIOCKOW CONEBOM MNNACTUHOM  CBETOAEeNUTeNsA, MaKCMManbHaa  CKOPOCTb
CKAaHMPOBAHMA BHE BaKYYMHOM Kamepbl OrpaHuMyeHa no MpuyYMHEe CONPOTUBAEHMA BO3A4YyXa.
Kpome ToOro, 6bicTpo Bpalatowmeca MNACTUHbI CUABHO AedDOPMUPYIOTCA, U KOHCTPYKLMA
npubopoB. BCe ele ABnAeTcA HeaPpPEeKTUBHON, TaK KaK TONIbKO YacCTb BPALLATENbHOMO ABUKEHUA
YUYMTbIBAET ONTUYECKYIO MHTEpdEpPEHLMIO.

Bonee ObICTpbIM  peXMmom  ckaHupoBaHma B  TRIR-cnekTpockonun  sasnsetca

CTPo6OCKONMYECKUIM pexkum. B oTanume ot 6b|CTpOI’O n CBer6bICTpOI'O CKaHMpoBaHuA,

cTpobockonuyeckuii meton cbopa AaHHbIX HE 3aNMCbiBaeT NOMHY UHTepdeporpammy 3a OAMH
npoxoA OT 3epKana UWHTepdepomeTpa. HanpoTtwms, AaHHble, cobpaHHble 33 OAMH CKaH
ABVKYLLLEroCA 3epKasa, 0XBaTbIBAOT MHOMKECTBO pPa3peLleHHbIX BO BpeMEHU MHTepdpeporpamm,
KOoTopble 6blIn NoAyYeHbl NPU NOCNeA0BaTENbHbIX NPOX0AAX Yepes 3epKano nHTeppepomeTpa.
BoccTtaHoBNEHME WMHAMBUAYANbHbIX WMHTepdeporpamm, pasaeneHHbiXx BO BpemeHu, Tpebyet
MCNONb30BaHMA crneunanbHbix MeToamK. CTpoboCKONUYECKMn meToa, ABNAETCA OTHOCUTE/IbHO
Hegoporum  cnocobom nposeaeHnss TRIR  CNEKTPOCKOMMYECKUX  UCCNeAoBaHUi €
MaKCMManbHbIM paspelleHnem no sBpemeHu B 1 pc. [nA 3TO0ro Mcnosib3yeTcAa CTaHAAPTHbIN

MK-cnekTpomeTp, CNOCOBHbIA CUHXPOHU3NPOBATb BHELWHUA UCTOYHWUK  BO3BYKAEHMA.

94



OcTanbHble NnapameTpbl MeTOoAa KOHTPOIMPYHOTCA C MOMOLLbIO NMPOrpammMHOro obecneyeHus.
BepxHuii npeapen paspelweHMa no BPEeMeHW OnpeaenseTca MAKCMMAJIbHO BO3MOXKHOM
CKOPOCTbIO ABUMKEHUA 3epKana. B HacToAwmMi mMOMeHT cywecTsyeT 6onbwoe MmHoroobpasue
Pa3NMYHbIX MAPOK U MoAeNen CNeKTPOMETPOB B 3aBUCMMOCTM OT CKOPOCTU ABUXKEHMUA 3epKana.
MHorne Kommepyeckue npubopbl obecneymBaloT LWMPOKMA [MaNa30H CKOPOCTer 3epKana,
HauMHaa npumepHo ot 0,03 n go 6 cm/c. MeHee foporne mMogenu MoryT Nno3BOSIUTb TObKO
OrpaHUYEeHHOE YMNC/I0 BapMAHTOB C MEHbLUIMM AMaNa30HOM CKOPOCTEN.

CBepxbbICTpOE CKaHMPOBAHME WU CTPOOOCKOMUYECKMI MeToh, PacLUMPAOT BO3MOXHOCTU
NK-Oypbe cnekTpocKonuu, [aBaa BO3MOXKHOCTb MPOBOAUTb OTHOCUTENBbHO  ObiCTpble
OVMHaMunyeckme wmamepeHua. OpHako, pyTMHHaa MK-Pypbe cnekTpockonua HenpepbiBHOro
CKAaHMPOBaHMA, B KOHEYHOM CcCYeTe, OrpaHMYMBaAETCA aHA/ZIM30M MPOLLECCOB, AJUTENbHOCTb
KOTOPbIX COCTaBAAET HECKOJIbKO COTEH MMUKPOCEKYHA. ITO OrpaHUYeHMEe NOABIAETCA B CBA3MU C
TEeM, YTO BpeMeHHaA 3aBUCMMOCTb AMHAMMYECKOTO M3MEepPEeHUA nepennetaeTca Co BpemMeHem
OTKAMKa o06pasua. B cywHocTM, peructpauma uHTepdeporpammbl C  UCNOAb30BAHUEM
MCTOYHMKA He3aTyxaowmx BoaH M WK-npnubopa ¢ NOCTOAHHOW CKOPOCTbIO MNepemelleHun
3epKana Bcerga sasndetca ¢yHKUMeN BpemeHu. B cBA3M c 3TMm, HaumHaa ¢ 1980x ronos,

BO306HOBM/ICA MHTEPEC K CNEKTPOCKOMMUMU B pexXumme nowaroBoro CKaHmpoBaHuA AONA

nccnenoBaHUA CcybMUKPOCEKYHAHbIX npoueccoB. HoBM3HA MeToAda 3akAtoyaeTca B ero
CNOCOBHOCTM OTAENUTb 3aBUCMMOCTb OT BpemeHn MK-u3amepeHnsa oT 3aBUCMMOCTM OT BPEMEHMU
nccnenyemoro MHamMuMyeckoro cobbiTvAa. B meToae NowaroBoro CKaHMPOBAHWUA 3aMeasieHune
3epKana 4ocTuraeTca nyTem AUCKPETHbIX NPbIXKKOB, UK LWaroB. B KaXKaoM TouKke 3amenneHus,
«OBUXKYLEecA» 3epKano ¢uKcupyetca Ha nepuos cbopa paHHbiX. [onyvaemble ¢
pa3pelueHmnem Nno BpeMeHn JaHHble MOryT BbiTb 3aNMCaHbl B KaXKA0M TOUKe HTepdeporpammbl
BCAeA 33 MOMEeHTOM BO30OyXaeHuA. [lpu Takom 3ameasieHMM 3epKana nosaBAAeTcA
BO3MOXHOCTb Npu HeobxoammoctTn [06aBNATb MHOFOYMCAEHHble TOYKM AadHHbIX  ANA
[OCTUXKEHUA 6o/siee BbICOKOrO COOTHOLWEHMA cUrHan/wym. Ha KaxKaol AMCKPETHOM Touke
nHTepdeporpammbl  crneKkTpasbHoe obbeanHeHne 3PPEKTUBHO OTAenseTcA OoT  AOMeHa
BPEMEHMU, T.€. HET BpeMeHHbIX Dypbe YacTOT, TaK YTO TEOPETUYECKM BO3MOXKHA Ntobas cTeneHb
paspelleHna No BPEMEHM C NHOObIM COOTHOLEHMEM CUTHAN/WyM U NOBbIM CNEKTPasbHbIM
pa3peweHnem. [uHamuyeckaa WK-Oypbe cneKkTpocKonuA C NOLWaroBbiM CKAaHMPOBAHUEM
MMeeT pAg MNPEeUMMYLLEeCTB MO CPaBHEHWUIO METOAAaMM, WCMONb3YLWUMN  HenpepbiBHOE
CKaHupoBaHue (cBepxbbicTpoe cKaHWpoBaHMe K cTpobockonuueckuit metos). B otnmume ot
HenpepbIBHOTO  CKaHMPOBaHWA, cbop  AaHHbIX NyTemM  MOWAroBOro  CKAaHWPOBAHWA

orpaHn4ymBaeTca C TOYKM 3peHnA paspeweHna no BpemMeHU, TOJNIbKO CKOPOCTbIO U
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4yBCTBUTENIbHOCTbIO MMetoLmxcA NK-peTtekTopos, ycunutenen, n UMPpPoBbIX
npeobpa3oBaTesiel, a TaKKe BpeMeHHbIM NpodunaIem NCTOYHUKA BO3OYKAEHUA.

Ewe ogHum metogom TRIR-cneKTpOCKONUM ABNAETCA WUMMYAbCHO-aCMHXPOHHbIN MeToa,

obecneumBatoWMii NMKOCEKYHAHOE (10'12—10'9 C) paspelweHne nNo BpemeHu. B gaHHOM meToge
NCNONb3yeTcA CTaHAAPTHbIN MHTepdepomeTp BbICTPOro cKaHMpoBaHMA. ONTUYECKUIA UMMNYNbC
C0343€T HEPaAaBHOBECHOE COCTOAHME B UcCeayeMom obpasue, a 3aTEM B Pas3/IMYHbIE MOMEHTbI
BPEMEHN W3MEPAIOTCA CMEKTPa/ibHble XapaKTEPUCTMKM, Hecywme WHGOpMauMo O Xxoae
penakcauum BelwecTBa B NepBOHayaNbHOe cocToaHMe unu poTonpesBpalleHnsx B HEM. CyTb
MeToZa 3aK/Alo4aeTca B TOM, YTO M3MEHEHMA BO BPEMEHM, nMpoucxoasawme ¢ obpasuom, He
CBA3aHbl CO CKaHMpoBaHMeM U cOOPOM [aHHbIX CMEKTPOMETPOM, T.0. ABAAIOTCA
ACUHXPOHHbIMW. CTOUT TaK¥Ke OTMETUTb, YTO CTaHAAPTHbIN aCMHXPOHHbLIA MeToA AaeT 3a OA4MH
9KCNEPUMEHT OAMH CNEKTP C 3aZEeP’KKOM MO BpemeHu. [onyyeHne CBEPXKOPOTKUX MMMY/IbCOB
nuKko- u demtocekyHaHoi (107°-10"% ¢) AAUTENbHOCTM NO3BOAMAO MEPeiTH K M3YYeHWIo
AVNHAMWYECKOM KapTUMHbI  ObICTPO NpOTEKAlWMX NPOLLEeCCOB, TAaKUMX KaK penakcauuma
KonebaTeNbHOTO W  3/NEKTPOHHOrO BO3OYXKAEHWIN, BHYTPEHHEE [AOBUMEHWE MOJEKY/,
3N1eMeHTapHble CTagMN XMMUYECKMX peakuunii, penakcauma ¢oTtoBo3byKAEHHbIX SNEKTPOHOB B
NonynpoBOAHWKaX, MEPBMYHbIE CTaauM npeobpa3oBaHMA cBeTa B (OTOCMHTEIMPYHOWMUX U

3PUTENDBHbIX NTUTMEHTAaX.

5.10. fisymepHana UK-cnekTpocKkonusa

[Ona nonyyeHUA nNpPOCTPAHCTBEHHOM MHPOPMALMKM NPU UCCNEAOBAHUM  KOMMIEKCHbIX
cuctem, Hanpumep, 6uomonekyn, uMcnonb3ywT aBymepHyto WK-cnektpockonuio (Two-
Dimensional IR Spectroscopy, 2D IR) xapaKTepu3yoLlyo B3aMMOAENCTBUA MEXKAY YAAE€HHbIMU
XMMUYECKMMM  PYHKUMOHANbHbIMK  rpynnamu. MeTog 2D  MK-cnekTpockonuu cuumTaerca
gononHuTenbHbiMm K metogy fAMP-cnekTpocKonuu, rAe  BpPemMeHHOe  paspelleHue
OrpaHUYMBALTCA MUAINCEKYHOAAMU, U PEHTTeHOCTPYKTYPHOMY aHanM3y C paspelueHuem BO
BpemeHun. B cBA3KN C BbICOKMM BpemMeHHbim paspeweHnem, 2D UK-cnekTpockonua nossonaer
nccnenoBaTb MexaHW3Mbl NPOLECCOB, B TOM YUC/e reoMeTpuro NepexogHOoro COCTOAHUA, B
NUKOCEKYHAHOM AnanasoHe BpemeHu, HeaoctynHom ana AMP-cneKTpockonuu.

2D IR aKcnepumeHT npoBoaAaT nnMbo B YacToTHOM, AMbo BO BpemeHHOM obnactu. 2D IR B
4acToTHOM 06nacTM He oTAn4YaeTcA OT OObIYHOM CNEKTPOCKOMUM HAKAYKM-30HAMPOBAHMUA
(pump—probe spectroscopy) M npoBOAMTCA CKAHMPOBAHWEM Y3KOMONOCHbLIX YAacTOT nasepa
HaKAYKM U 3aMUCU KPAaTKOBPEMEHHbIX CMEKTPOB C LUMPOKOMNO/IOCHBIM MMMNYAbCOM 30HAQ MpU
onpeaeneHHon 3a4eprKKe BO BPeMeHU. DKCNEPUMEHT B BapuaHTe BpemMeHHon obnactu (axo-

CI'IGI-(TpOCKOI'IVIﬂ) no nocnenoBaTteslbHOCTU nmnynbcos I'IO,CI|O6eH I-(Oppe}'lﬂLl,MOHHOﬁ
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cnektpockonun (COSY) mam cnekTpockonuu sgepHoro sdpdekta Osepxaysepa (NOESY) B
AMP-3KCcnepuMmeHTax: yCTaHaBAMBaeTCA  KonebaTenbHas  KOrepeHTHOCTb, 3aTemM  OHa
npepbiBaeTca, U MHAYLMPOBAHHbIN cnag cBobogHon uHAayKummn (FID) paspeluaeTtca B TeyeHue
gonroro BpemeHuW. TaKaa penakcaumsa NPOUCXOAUT 3HAYMTENbHO ObicTpee, uyem B
AMP-cnekTpockonuu 1 obecneyMBaeT BPEMEHHOE paspelleHne B HECKO/IbKO [AecATKOB
NUKoCeKyHA. 3atem, no aHanormn ¢ AMP-cnekTpockonueit, Pypbe-npeobpaszoBaHme CMrHana
FID pnaeTt aBymepHbii NK-cnekTp. MNMpu cpaBHEHUU U3MEPEHUI C UMMY/JIbCOM HaKaykm n 6e3
Hero B 2D WK-cneKkTpe BbIABAAKOTCA ABE OCHOBHble 0CO6eHHOCTWU. [Mapbl AMaroHaAbHbIX
3/IEMEHTOB pa3peLlatoTcsa, YTO MPOUCXOAMT M3-3a NepexoaoB BO3OYXKAEHHbIX OCUMNNATOPOB
3TN CMrHanbl OTPaXKatoT NoraoLleHne ns Bo3byKAeHHOro COCTOAHUA (MONOXKUTENbHbIN CUTHAN)
M WHAYUMPOBAHHOE W3/ydeHue (oTpuuaTenbHbid curHan). Kpome Toro, nornouwieHue us
OCHOBHOIO COCTOAHMA NPU 30HAUPYIOWEM WMMYAbCe NOC/NEe YMEeHbLIeHMA 3aCeNeHHOCTU
YPOBHEM OT MMMy/bCa HaKaykM BHOCUT BKAad, B OTPUUATE/IbHbIM curHan. Mapa curHanos
pasgeneHa no 4actoTe Mo NPUYMHE aHrapmMoHM3ma (puc. 56). BTopolt BarKHO 0COBEHHOCTbIO
ABNAETCA HANM4YME HeaMaroHaNbHbIX KPOCC-MUKOB, KOTOPbIE Bbi3BaHbl HerapMOHWYECKOM

CBA3bIO MeXAy PasMYHbIMKU ocUMANATOPaMU. OHM HECYT LEHHYI0 MHPOPMALMIO O CTPYKType

CUCTEMDbI.
V/em! -
tf oe BF
F 3 "a
SO0HAWPYOLUMIA MornoweHue
UMMYyNbC U3 Bosb. cocT. &) ‘9
- F Yy ry
'J
IMHayUMpOBaHHOe MornoweHne 4
M3 OCH. COCT. 2
WmMnynbe M3ny4deHue 32
Haka4Yku 4 ;
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Jommupyronpni ivayaee V[ em!

Puc. 56. CxemamuyecKkoe npedcmasneHue 2D UK-cnekmpa.

MokasaHbl ompuyamerbHble CU2HAAbI OmM UHOYUUPOBAHHO20 U3/yYeHUSs U Mo2A0WeHUs U3
OCHOBHO20 COCMOAHUA U MO0 UMESIbHbIE CU2HA/bI OM  [020UeHUA 6 B036YHOeHHOM
cocmosHuu. fononHumesnbHble HeOUA20HAsbHbIE KPOCC-MUKU 8bIABAAOM KonebamesibHble C8A3U
MEeHOY OCUUAAAMOPAamMu U, C1Ie008amMesbHO, codepxcam uHgopmauuro o 3D-cmpykmype.

Cnucok aumepamypel K pazdeny 5.9
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2. J.W. Niemantsverdriet, Spectroscopy in catalysis, VCH: Weinheim, 1993.
3. M.L. McKelvy, T.R. Britt, B.L. Davis, J.K. Gillie, F.B. Graves, L.A. Lentz, Anal. Chem. 70 (1998) 119R.
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3aKknouyeHue

B 3aknwoueHMe conocTaBMM Mexay coboi Bce WUCMNoJsib3yeMble B KaTanu3e MEeTOAMKMU
ONTUYECKOM cneKkTpockonun, BKAtoYaa WK-®Oypbe cnekTpockonuto. Bbibop napameTpos
CpaBHeHMA LenecoobpasHo caenaTb Ha OCHOBAHWWM 3ajay, CTOALWMX Mepen, KaTaJn3om, U
npexae Bcero, nepes reTeporeHHbIM KaTansom. 3agaum 3Tu cieayrome:

— onpeaeneHne xMmu4yeckoro 1 ¢pa3oBoro CocTaBa;

— onpeaeneHune KoNYecTBa, Ka4ecTBa U CTPYKTYPbl MOBEPXHOCTHbIX LLEHTPOB;

—  u3yyeHue ¢opm aacopbumm aacopbUpPOBaHHBLIX MOMEKY/T U COCTOAHMUA aKTMBHbIX

LLeHTPOB;

—  M3y4YeHMe MeXaHM3Ma KaTaMTUYECKUX PeaKkUMit M COCTOSIHUA aKTMBHbIX LLEHTPOB B

ycnosumax in situ.

Mpw 3ToM cnepyeT UCNONb30BaTb OLLEHKM CKOPOCTU PerncTpaumm ogHOro cnekTpa, TOYHOCTb U
HaZEXHOCTb  KONMYECTBEHHOW UWHOOPMaUUK, YPOBEHb YyBCTBUTE/IbHOCTM, BO3MOXKHOCTb
NpPoBOAUTb UCCNEAO0BAHMA B YCIOBUAX in Situ, CI0XKHOCTb 0O60PYA0BaHUA N €50 LEHY.

ConocrasneHue yﬂ,O6HO npeacrasutb B Buae 4 Ta6l'IVILI,, COOTBETCTBYHOWMUX YeTblpem

nepevyncaeHHbiM Bblille 3a4a4aM.

Tabauya 1. OnpedeneHue XUuMu4ecKo20 U ¢pa308020 cocmaaa.

CkopocTb HapeHocTb Bo3mosKHOCTb %
. YpoBeHb . CNnoXHOCTb LleHa
MeTog, perucTpa- | KONMYeCcTBEHHOM uccnenoBaHui
YyBCTBUTENIBHOCTH N obopynoBaHua | 06opyaoBaHUA
LMK CreKTpa MHpopmauum in situ
MKC dypbe 1 MuH BbICOKasA 5% ecTb Bbicokas 30 000$
MKC 0o 1MUH HW3Kan 1% ecTb Huskasn 35 000S
Paman 10 MuH HU3Kasn 3asucuT oT 0bpasua ecTb Hu3kas 60 000S
Yo-Bug, 2 MUH BbICOKas 0.01% ecTb Huskas 25 000$
Y&-Bug 1,0 2 MUH HU3KasA 0.001 ecTb Hu3Kkas 30 000$
e  YposeHb LeH Ha 2008-2011 roapbl.
Tabauya 2. OnpedeneHue Koauvecmed, Ka4ecmea u CmpyKmypsl No8epxHOCMHbIX UeHMpPOS.
H
CKopocTb anexHocte Bo3moxHOCTb LeHa*
KONNYeCTBEHH YpoBeHb . CnoxHocTb
MeTtopn perucTpa- . nccnefoBaHuim obopyaosa
on YYBCTBUTE/NIbHOCTU L obopynoBaHuA
LMK CreKTpa in situ HUA
nHpopmaunm

MKC dypbe 1 MUH BbICOKas 0.1 mKkmonb/r ecTb BbicoKkas 30 000$
MKC O 1muH HU3Kasn 0,01 mkmonb/r ecTb BbicoKkas 35 000$
PamaH 10 muH HU3Kan <10 mkmonb/r ecTb Bbicokas 60 000$
Yo-Bug He ncnonbsyetca
Yo&-Bug A0 2 MUH HU3Kan 0.001 mKmonb/r ecTb Hwuskas 30 000$
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Tabauya 3. 3yueHue hopm adcopbyuu adcopbupo8aAHHbLIX MOAEKYA U COCMOAHUA AKMUBHbIX UeHMpPos

CKopocCTb HapeHocTb Bo3mMoOXHOCTb UeHa*
. YpoBeHb o CnoXHoCTb
MeTop perucrpa- KOJINYECTBEHHOM nccnenoBaHum obopyno-
YyBCTBUTENLHOCTH N obopyaoBaHus

LMM CeKTpa MHbOpMaLumm in situ BaHUA
MKC 1 MWH BbICOKasA 0.1 MKmonb/r ecTb Bbicokas 30 000S
®ypbe
MKC 40 1 MuH HU3KasA 0,01 mkmonb/r ecTb Bbicokasn 35 000$
PamaH 10 muH HU3KasA <10 MKmonb/r ecTb Bbicokas 60 000$
YO-Bug, He ncnonb3syetca
Yo-Bug 2 MUH HU3Kasn 0.001 mKkmonb/r ecTb Hu3kas 30 000$
0o
TlomuHec B nuTepatype HeT NpMMepPOoB UCMONb30BaHMA
ueHuma

Tabauya 4. V3ydeHue mMexaHU3IMa Kamanumuyeckux peakyuli

ycaosuax in situ.

U COCMOAHUA AKMUBHbIX UeHmpos

HapeHocTb BO3MOXKHOCTb LleHa*
CkopocTb " YpoBeHb " CnoxHoCTb
MeTtogn KOINYeCTBEHHOM nccnepoBaHuin obopygao-
perucTpauum cnekTpa YYBCTBUTE/IbHOCTU L obopyaoBaHua
MHPOopMauum in situ BaHMA
NKC ®dypbe 0.015c BbICOKasA 1MKMONb/T ecTb Bbicokan 100000$
MKC 0O 03c HU3Kasn 1 MKMonb/r ecTb Bbicokas 105000S
PamaH 10 muH HU3KasA <10 MmKmonb/r ecTb Bbicokan 60000$
Yo-Bug, He ncnonbayerca
YO-Bua 40O |2 muH (Npu KOHTpone HU3KaA 0.001mKMmonb/T ecTb Huskas 300005
Ha dUKCMpPOBaHHOM
OJIMHE BOJIHbI MOXHO
CHATb KUHETUKY
npouecca, npoTeKato-
wero3alc)
Niomunec- B nuTepatype HeT npMmepoB MCNO/Ib30BaHMA
ueHumn

M3 npuBeaeHHbIX Tabaul, ACHO BMAHO, YTO NO COOTHOLIEHMIO KayecTBa MOAy4yaemom

nHpopmaumm / ctommoctb obopyaosaHua WK-Oypbe cNeKTPOCKONMA, BKAOYAA BaApPUAHT

Anddy3HOro oTparkeHus, ABMAETCA CamMon NPeAnoYTUTENIbHOM, YTO M OTPAXKAETCA Ha YacToTe ee

ncnonb3oBaHMA. BTopoe mecto B 3TOM pAgy 3aHMMaeT YD-Bug cnekTpockonusa, KOTOpyio

MCNONB3YIOT peXxe, 4em OHa 3aCnyXumBaeT, 4TO, BEPOATHO, O6yCI'IOBl'IEHO NCTOPUYHECKNUM

nepunogom B 60-x-70-x rogax, Korga 3TOT MeTo4, WMCNO/b30BajaCA HEKOPPEKTHO M C ero

NCNO/Ib30BaHMEM B MTepaType 6bia NoNyYeH pAg, OWNBOYHbIX BbIBOAOB.

OcTtanbHble MeToAbl B HacToAlwee BpeMA TOJIbKO Ha4a/ I aKTUBHO MPUMEHATLCA N NO3TOMY

MOryT WuMCNosb30oBaTbCA A4 peweHUMA TONIbKO O4YeHb cCneunasibHblX 3a4ad,

CNOXHOCTb 3KCNAyaTaunun N BbICOKYIO CTOMMOCTb o6opyp,OBava.
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YuebHoe n3gaHune

MNaykwTnc EBreHnn AnekcaHgposuy v ap.

OnTryeckas CNeKTPoCcKonums
B agcopbunm n Katanuse

Yactb 2

CnekTtpockonus B YO n Buanmom amanasoHax.
HoBble MeToAMKM KoiebaTelbHOM CNEeKTPOCKOMNUM
ANS U3YyYEeHUA NOBEPXHOCTU

Mopg pepakuuven E.A. MayKwTtmca
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