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npe,ll,HCJIOBHe

B fJI83aX qHTaTeJIR, BnepBble B3RBwero B PYl<H 3TY KHHry, aBTOp BH,lJ,HTHe-
.n;oyMeHHe - JJ:M qero Hy)KHa eWe o,llHa KHHra no TeOpHH <I>o'rorpa«l>HqeCKOrO
npouecca? BeJJ:b HMeeTCR JaMeqaTeJlbHbll1 TPY,Zl • TeopHR <I>o'rorpa«l>HqeCKO-
ro npouecca~ no,Zl pe,ZlaKUHel1 T.X.,L:b<eI1MCa [1], HanHcaHHblD Be,ZlYWHMH
CneUHaJIHCTaMH «l>HpMbI KO,ZlaK. HH B KoeD Mepe He YMaJIRR HCKJIlOqHTeJIb-
Hble ,ZlOCTOHHCTBaynOMRHYTOro TPY,Zla, aBTOp ace :lKe pHCKHyJI npe,ZlCTaBHTb
Ha cY,Zl'1HTaTeJIeA CBOABapHaHT OCHOB<I>o'rorpa«l>HqeCKoro npouecca. KaKOBbI
npH'IHHbI TaKoro peweHHR aBTOpa?

Bo-nepBblX, npe,ZlJIaraeMaR KHHra, npe:lK,Zleacero, yqe6Hoe noc06He ,ZlJIR
H3yqalOwHx «t>oTorpa«l>HqeCKHe npoueccbI. )KaHp KHHTH, eCTecrneHHo, ,ZlHK-
TYeT CBOH npaBHJla H3JIO:lKeHHR MaTepHaJIa. TaKWl KHHra He MO:lKeT 6bITb
CJIHWKOM nO,Zlp06HblM H, TeM 60JIee, HCqepnblBalOwHM H3JIO:lKeHHeM acex
H3BeCTHblX 3KcnepHMeHTaJIbHblX H TeOpernqeCKHX pe3YJIbTaTOB. BoJIee TOro,
H3JIO:lKeHHeHeKOTopbIX BonpocOB pa.nH ,ZlOCTYnHOCTHB 3HaqHTeJIbHOA CTeneHH
ynpollleHO. TeM, KTO XOTeJI 6b1 HMen 60JIee nO,Zlp06HyIO KaPTHHy «l>aKToB,
RBJIeHHD H HX HCTOJIKOBaHHH,MO:lKHOpeKOMeH,ZlOBaTbHapJUlY C ynoMRHYTOH
KHHroH [1] pR,Zl0630poB Be.n;YWHXCneUHaJIHCTOB B 06JIaCTH HayqHoH «l>oTO-
rpa«l>HH [2-4]. KpoMe TOro, :lKaHp yqe6Horo noc06HR npe,ZlllOJIaraeT oroop
BeCbMa orpaHHqeHHoro H HaH60JIee .n;OCTOBepHOroMaTepHaJIa. B TO :lKe Bpe-
MR 3a paMKaMH KHHrH OCTaJIHCbHeKOTopbIe BOnpocbl, 06b1qHO BKJIlOqaeMble
B TeopHIO «l>oTOrpa«l>H'IeCKOrO npouecca, H, npe:lK,Zle acero, BOnpocbI ceH-
cHToMeTPHH H KaqeCTBa H306pa:lKeHHR, C KOTOPbIMH MO:lKHOn03HaKOMHTbCR
B JIlO60H KHHre no HayqHoil: H npaKTH'IeCKOH <I>o'rorpa«l>HH.

BO-BTOPbIX, ,ZlJIRnepHO,Zla, npowe,Zlwero C MOMeHTa BblXO,ZlaB CBeT BbI-
weynoMRHYTOH KHHfH no TeopHH «t>oTorpa«l>HqeCKoro npouecca, xapaKTepHO
HHTeHCHBHOe pa3BHTHe HCCJIe.n;OBaHHHB pR,Zle HanpaBJIeHHD «t>oTorpa«l>Hqe-
CKoA HaYKH. HOBbIe pe3YJIbTaTbi n03BOJIHJIH YTBeP,ZlHTbCRPMY paHee BbI-
CKa3aHHbIX rHnOTe3 H, Ha06opoT, HeKoTopbIe npe.n;CTaBJIeHHR nOTPe60BaJIH
KOppeKTHpoBKH. :3To COBepWeHHO eCTeCTBeHHblil: npouecc yxe nOToMY, 'ITO
TeopHR «l>oTorpa«l>H'IeCKoro npouecca, KaK HayqHaR ,ZlHCUHDJIHHa,CJIO:lKHJIaCb
Ha CTbIKe pR.lla eCTeCTBeHHbIX HayK H, npe:lK,Zleacero, «l>H3HKH, HeOpraHH'IeC-
KoA H OpraHH'IeCKOH XHMHH, npHKJIa,ZlHOH MaTeMaTHKH H ,Zlp. Pa3BHTHe 3THX
06JIaCTeA 3HaHHR nOCTORHHOnHTaJIO H nHTaeT .n;oHaCTORwero BpeMeHH Hayq-
HylO «l>oTOrpa«l>HIO,cnoco6cTByR ee COBepweHCTBOBaHHIO. Co CBoeA CTOpoHbI
«l>OTorpa«l>HRcnOC06CTBOBaJIa pa3BHTHlO «l>H3HKHH XHMHH, npe,ZlOCTaBJIRRace
60JIee COBepweHHbIH HHCTPyMeHT - «l>oToMaTepHaJI. TIOCJIe,ZlHHe.n;OCTH:lKeHHR
HayqHoH «l>oTorpa«l>HH HaWJIH 0TPa:lKeHHe B HaCTOHWeD KHHre.

HaKOHeu, HeJIb3R He ynoMHHYTb ewe O,ZlHO Ba:lKHoe 06CTORTeJIbCTBO,
nO,ZlTOJIKHYBwee aBTopa K pa60Te Ha,Zl KHHroH. :3Ta KHHra paCC'IHTaHa
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npe)K,lle BCerO Ha CTY,lleHTOBXHMH'IeCKOro npo«PHJUI. ABTOP, rOTOBR KYPC
JleKUHH no TeopHH <l>oTorpa<l>H'IeCKOrO npouecca, KOTOPblH OH ,llOmKeH
6bIJI '1HTaTb B MOCKOBCKOM HHCTHTYTe TOHKOH XHMH'IeCKOH TeXHonorHH
HM. M. B.JIOMOHOCOBa, nOCTORHHO olllYlllan HeKOTOpylO HeY,llOBJIeTBOpeH-
HOCTb HMelOlllHMHCR yqe6HHKaMH. n03TOMY OH ,llan ce6e cnoBO nonblTaTbCR
HanHcaTb 60Jlee «y,ll06HbIH» KYpC. B03MO)l{HO, 3TO OCTanOCbJlHlllb 6narHM
nO)l{eJlaHHeM aBTopa, Bnpo'leM, 06 3TOM CY,llHTbY)I{e '1HTaTeJlIO.ABTOp 6Y,lleT
BeCbMa npH3HaTeneH BceM, KTO BblCKa)I{eT JaMe'laHHR H nO)l{enaHlfR B CBR3H
C ny6J1HKaUHeH KHHrH.

ABTOp HCKpeHHe 6J1arO,llapeHJa nOMolllb 11. H. WanHpo H H. A. CMHpHO-
BOH. ABTOp 6J1arO,llapHTAKUHoHepHoe 061lleCTBO HI1I1XI1M<1>OTOnpOEKT
3a yqacTHe B nO,llrOTOBKe KHHrH.

BBe,lJ,eHUe

<1>OTorpa<l>H",KaK 06nacTb HayqHoro 3HaHHR H KaK '1aCTb MaTepHanbHoH
KYJlbTYPbl, HeMOJIO.n.a.EH }')ICe60Jlee ISO neT. B 1989 r. '1eJlOBe'leCTBOOTMeTHJlO
ISO-JleTHHH I06HJ1eit co ,llH" OTKPblTH" <!>OTorpa<l>HH.Bnpo'leM, '1TO 3Ha'lHT
HeMOJIo.n.a?<1>oTorpa<l>HRnO'ITH poBeCHHua,llBHraTeJIlO BHYTPfHHero cropaHHH.
O,llHaKO, HHKTO He B03bMeT Ha ce6H CMenOCTb yTBep)K,llaTb, '1TO ,llBHraTeJlb,
CTaBIllHH '1aCTblO UHBHJlH3aUHH, CJIHWKOM crap. nOKa '1eJlOBe'leCTBOOXOTHO
HCnOJlb3yeT H <l>OToannapaT, H aBToM06HJlb! 60Jlee Toro, H aBTOM0611J1b,
11<l>OTorpa<l>l1'1eCKHenpoueccbI HenpepblBHO coaepweHcTBylOTCR 11nOCTORHHO
nporpecCI1PYlOT.

TOT <l>aKT, '1TO <l>oTOrpa<l>"'1eCKHHnpouecc H ,llBl1raTeJlb BHYTpeHHero
CrOpaHI1H P0BeCHI1KI1, OTHIO,llb He cJlyqaeH. OHH 06a 6bIJlI1 OTKPbITbI, no cy-
~eCTBY, O,llHHM H TeM )I(e '1eJlOBeKOM.I1MR ero - HHce<l>op Hbenc, p0,llHHa -
<1>paHUI1R.

06 OTKpbITHI1 <l>oTOrpa<l>HHHanHcaHO MHoro (CM., HanpHMep, [5-7])
11 npaKTH'IeCKH KaHOHH3HPOBaHbi TPI1 ee OTua-nepBOOTKpbIBaTeJlR - HI1-
ce<l>op Hbenc, JIYH llarepp H <1>OKcTan6OT. C'IHTaeTCR, '1TO <l>OTorpa<l>I1S1
6bIJIa OTKpblTa cJlyqaitHo. n03BOJlHM ce6e He COrJlaCHTbCHC 3THM YTBep)l(,lle-
HHeM. OTKpblTHe <!>OTorpa<l>HH6bIJlO, no cymeCTBY, npe,llonpe,lleJleHO PH,llOM
06CTOSlTeJlbCTB.

Bo-nepBbIX, rpOM8,llHOA nQTPe6HOCTbIO 06meCTBa B Heit. B EBpone, ,lla
H BO BceM MHpe, HCnbITbIBaJICR 3Ha'lHTeJIbHblH «<I>OTorpa<l>H'leCKHHroJlO,ll».
HeCMOTPR Ha KOJloccanbHYIO 3BOJllOUHIO pHcyHKa, )I(HBOnHCI1, CKYJlbnTypbl,
3TH BH,llbI HCKYCCTBaOCTaBanHCb,ll0 Ha'lana XIX B. ,llOCTOSlHHeMMeHbWHH-
CTBa npHBHJIerHpOBaHHblX CJloeB 06meCTBa, a nO,llaBJlHlOmee 60JlhllIHHCTBO
tIeJIOBe'leCTBa He Morno y,llOBJIeTBOpHTbCBoe CTpeMJIeHHe np0,llOJl)l(I1TbCH BO
BpeMeHH. CYllIeCTBOBaJIa rny60KaR n0Tpe6HOCTb Bcex JIIO,lleH HaHT'" TaKYJO
TeXHHKY, KOTopaR D03BOJlHJIa6b1 Ka)l(,llOMY3a<l>HKCHpoBaTbnpoXOD.Hmee MfHO-
BeHHe H coxpaHHTb ero B 06'beKTHBHoit naMRTH, KOTOPYIOBpeMR He Morno
6bI YHH'ITO)l(HTb.

llpyroH Ba)l(HOH npe,llnOCbIJIKOH D.JIR OTKPblTHR <l>oTorpa<l>HI1CJle,llyeT
CtIHTaTb TOT BbICOKI1HypoBeHb XHMH'IeCKHX 3HaHHA, KOTOpbIH 6bIJI HaKOnJleH
B EBpone K Ha'lany XIX B. nepBble onblTbI no cBeTo'lyBcTBHTeJIbHOCTH XJI0-
pH,lla cepe6pa OTHOCRTCRK 1727 r. H npHHaD.JIe)l(aT 11. illYJlbue (fepMaHI1S1),
KOTOPbIABnepBble nOKa3aJI 3<1><I>eKTCBeTonHCH [6, c.186]. n03,llHee B 1777 r.
K. WeeJle (WaeUHll) TaK)l(e 06Hap}')ICHJI ,lleHCTBHe JIyqeit Ha AgCI. OnbI-
TbI Co CBeTO'lYBcTBHTeJlbHbIMH cepe6pRHblMH COJIHMI1npoBo,llI1J1H B 1802 r.
T. Be,ll)i(BY,llH X. )].3BH (AHrnHR).

O,llHaKO, HeCMQTPR Ha ace 3TH 06cToRTeJIbCTBa, ,lleJIaBWHe p0)l(,lleHHe
<l>OTOrpa<l>HHHeH36e)l(HblM, HeJlb3R He BI1,lleTbB 3TOM C06blTI111HCKJlIO'IHTeJIb-



Hoit ponH TaJlaHTa nepBOOTJq>blBaTeneit. OHH, no cyweCTBY, nocnyxHJIH TeMH
3apollblwaMH, BOJq>yr KOTOPblX Ha'lanaCb 6YPHaB KpHCTannH3aUHJI nepecbI-
weHHoro paCTBOpa '1enOBe'leCKHX HHTepeCOB.

nepBOHaqanbHO <I>OTorpaeJ>HJIpa3BHBanaCb 3MnHpH'IeCKHM nyreM, H60
HayqHble npeJlCTaBJIeHHJI 0 npoueccax CyWeCTBeHHO OTCTaBanH OT npaKTH'Ie-
CKHX p83pa6OToK H peanbHO He BJlHMH Ha HHX. no CYTH 3TO 06wHit YJlen Tex
06naCTeit 3HaHHit, KOTopble OTHOCJlTCRK qHcny )I{H3HeHHO He06xoJlHMbIX, T. e.
YJlOBJIeTBOPRlOWHX KaKY1O-nH60 HacyWHylO norpe6HOCTb 06wecTBa. B Ta-
KHX cnyqaBX Ha nepBwit MaH BbIJlBHraeTCR YJlOBJIeTBOpeHHe 06weCTBeHHoro
cnpoca (B '1aCTHOCTH, yroneHHe «<I>OTorpaeJ>HqeCKOrOronOJla",) H nHwb no-
cne 3TOro HacrynaeT nepHOJl 60nee rny60Koro OCMblcneHHR caMoro JlBJleHHR.
B 3TOT BTopoit nepHOJl P83BHTHJI oc06oe 3Ha'leHHe npH06petalOT HayqHble HC-
cneJlOBaHHR CYTH npoueCCOB, 6e3 KOTOPblX Jl8nbHeitwee COBepWeHCTBOBaHHe
HX nH60 3aMe,ZLJIJleTCJI,nH60 CTaHOBHTCR Man03eJ>eJ>eKTHBHblM.

npHXOJlHTCJI Ha cepeJlHHY 50-x IT. XIX CTOneTHR H CBJl3aH C nepexOJlOM
OT JlareppoTHnHoro K MOKpoMy KOnnOJlHOHHOMY npoueccy, T. e. C COBepWeH-
CTBOBaHHeM caMoit ranOreHHJlOCepe6pJlHoit CHCTeMbI H MeTOJlOB ee XHMHKO-
eJ>OT0rpaeJ>H'IeCKoit06pa6OTKH. BTOpoit CKa'lOK COBn8JlaeT no BpeMeHH C OT-
KpblTHeM r.Cl>oreneM CneKTPanbHoit CeHCH6HnH38UHH B 70-x rr. XIX B.
H CyxHX )I{enaTHHOBbiX enoeB. 11, HaKOHeu, TpeTHA, 60nee MaBHblA nOJl'beM,
npHXOJlRWHitcR Ha Ha'lanO XX B. H COXpaHJI1OWHAcJI JlO HaWHX JlHeA, 06y-
cnOBJIeH, nO-BH,lUfMoMy, p83BHTHeM cnoc060B XHMHqeCKOA CeHCH6HnH38UHH,
COBepWeHCTBOBaHHeM CTPYKTYPbI 3MynbCHoHHblX MHKpoJq>HCT&nnOB AgHal
H HX cneKTPanbHOA CeHCH6HnH3aUHH.

EcnH B nepBble JlBa nepHOJla P83BHTHJI cI>OTOrpaeJ>H'IeCKHXnpoueCCOB
yBenH'IeHHe '1yaCTBHTenbHOCTH JlOCTHranOCb no 60nbwen Mepe '1HCTO 3M-
nHpHqeCKHM nYTeM, TO yx~ B nocneJlYlOWHe nepHOllbl WHpOKoe p83BHTHe
nonyqHnH HayqHble HCeneJlOBaHHJI, pe3ynbTaTbi KOTOpblX n03BonHnH OCMbI-
enHTb npoueccbI H HaMeTHTb DYTH ueneHanpaBJIeHHoro COBepWeHCTBOBaHHJI
HX. 113BeCTHaB Mblenb, '1TO HeT HH'Iero npaKTH'IHee, '1eM xopowaJl Teo-
pHJI, npH06pena oco6oe 3Ha'leHHe nocne pa60T 80-90-x IT., KOrJla BeJlyWHe
eJ>ororpaeJ>HQeCKHeeJ>HPMbI CJlenanH Oqepe,llHoit war B COBepWeHCTBOBaHHH
UBeTHbiX H qepHo-6enbix eJ>orOMaTepHanOB. 31'0 CTanO B03MO)I{HblM 6naro,llapJl
rny60KHM HCene,llOBaHHJlM MexaHH3MOB cI>OTOrpaeJ>HqeCKHXnpoueCCOB. ECTe-
CTBeHHO, qTO Jl8nbHeAwee p83BHTHe eJ>OTOrpaeJ>HHnpocTO HeB03MO)I{H0 6e3
JleTaJlbHoro 3HaHHJI npHpo,llbi eJ>ororpaeJ>HqeCKHXJlBJleHHA.

Pac. 1. CBeTOQYBCTBHTeJJbHOCTbcPororp8cPHQeCKHX MarepHanOB H8 pa31IuqHblX 3Tanax
pa3BHTHR cPoTOfPacPHH. KPHBM H3 pa60Tbi 17] 3KCTPanOJlHpOB8Ha 110 2000 r.

He HMeR B03MO)I{HOCTH nOJlpo6Ho paCCMOTpeTb Bce 3TanbJ 3aMe'laTenb-
HOH HCTOpHH P83BHTHJI H COBepWeHCTBOBaHHJI eJ>oTOrpaeJ>H'IeCKoro npouecca,
nonbiTaeMCJI npocneJlHTb 3BOJIlOUHIO eJ>OTorpaeJ>H'IeCKHXnpoueccoB Ha BeCb-
Ma xapaKTepHOM npHMepe yBenH'IeHHJI CBeTo'lyBcTBHTenbHocTH cI>OTOcnoe.B
OT Ha'lana OTKPblTHJI eJ>OTorpaeJ>HH1I,0 HaWHX .IlHeH. Ha pHC. 1 nOKa38Ha
Jq>HBaB pocTa CBeTO'lyaCTBHTeJlbHOCTH no roll,aM [7, c.15]. 3a nepBbIe 100
net pa3BHTHJI eJ>ororpaeJ>HH OHa Bblpocna npH6nH3HTenbHo B 10 TblCR'I p83,
a 38 nOCne.ll,HHe 50 net yBeJlH'IHnaCb ewe B 100 pa3. TaKHM 06pa30M, 06wHH
POCT CBeTO'lyaCTBHTenbHOCTH COCTaBHn MHnnHOH pa3. nOpYpeTHbie C'beMKH,
npoBOlI,HBWHeCJI B cepell,HHe XIX B. Ha KOnJlOll,HOHHblX cnOJlX, npoll,OJDKanHCb
MHHyYaMH, n03TOMY «KnHeHTa. npHXOll,HnOCb eJ>HKcHpoBaTb C nOMOWblO WTa-
THBOB. Ceit'lac qYBCTBHTenbHOCTb TaKOBa, '1TO MO)l{HO nerKO eJ>oTorpaeJ>HpoBaTb
cnpHHTepa, nonyqaB cOBepweHHo pe3KHe eJ>OTorpaeJ>HH.

Ha KPHBOH pocTa CBeTO'lYBCTBHTenbHocTH (pHC. 1) MO)l{HO Bbl.ll,eJIHTb
TPH xapaKTepHblX CKa'lKa CBeTO'lYBCTBHTenbHOCTH eJ>oroMaTepHanoB. nepBblH



a
PIle. 2. KPHCTllJIJIH'IeCKasi peIlleTKa XJlOpHCTOro H 6poMHcToro cepe6pa (a) H 3JleMeH-

TapHasi H'IeHKa peIlleTKH (6)

<l>H3HKO-XHMlNeCKHe cBoiicTBa
raJIOreHII,lJ;OBcepe6pa. ,n;eiiCTBHe CBeTa
Ha raJIOreHlI)l;bI cepe6pa

OCHOBHblM CBeTO'IYBCTBHTeJIbHbIM :,lJIeMeHTOM <l>oTorpaqIH'IeCKHX MaTe-
pHaJIOB HBJIjlIOTCH Iq>HCTaJIJIbI, BepHee MHIq>OIq>HCTaJIJIbI, raJIOreHH.n;OB cepe6-
pa. Pa3Mep MHIq>OIq>HCTaJIJIOB H3MeHHeTCH 'OT 0,02 .n;o 2-3 MHIq>OMetpOB.
YHHKaJIbHbIe CBOHCTBa raJIOreHH.n;ocepe6pHHbIX MaTepHaJIOB onpe.n;eJIHIOTCH
<l>H3H'IeCKHMH CBOHCTBaMH MHKpOKpHCTaJIJIOB (MK) AgHal, KOTopble B 3Ha-
'IHTeJIbHOH CTeneHH CBH3aHbI co CtpoeHHeM HX Iq>HCTaJIJIH'IeCKOH peweTKH.
Cpe.n;H 'IeTblpeX raJIOreHH.D;OB cepe6pa - AgF, AgCl, AgBr H AgI HaH60JIbWHA
npaKTH'IeCKHA HHTepec npe.n;CTaBJIHIOT nOCJIenHHe tpH coe.n;HHeHHH, TaK KaK
AgF pacTBopHM B Bo.n;e, a era CBeTO'IYBCTB1fTeJIbHOCTb MaJIa. CaM no ce6e AgI
TaIOKe MaJIO CBeTO'IYBCTBHTeJIeH H B HH.D;HBI1.n;YaJIbHOMBH.n;e He npHMeHHeTCK
HaH60JIbWee npHMeHeHHe HaWJIH AgCl H AgBr, a TaIOKe TBepnble paCTBopbI
raJIOreHH.n;oB AgCl(Br), AgCl(I), AgBr(l) H AgCl(Br, I), KOTopbIe HMeIOT TY :>Ke
KpHCTaJIJIH'IeCKyIO peWeTKy, 'ITO AgCl H AgBr.

KaK XJIOpHCTOe, TaK H 6pOMHCToe cepe6po HMeIOT Ky6H'IeCKyIO rpaHeueH-
tpHpOBaHHyIO peweTKy THna peweTKH XJIOpHCTOro HaTpHH (NaCl). M.n;eaJIb-
HaH peweTKa AgBr nOKa3aHa Ha pHC. 2, a. B BepWHHax Ky60B 3JIeMeHTapHoH
SI'IeHKH peweTKH nonepeMeHHo pacnOJIO:>KeHbI nOJIO:>KHTeJIbHbIe HOHbI Ag+
H otpHuaTeJIbHbIe HOHbI Hal- (pHc,2, 6). ComacHo pHc.2, a HOHbI cepe6pa
pacnOJIO:>KeHbI B BepWHHax Ky6a H B ueHtpax rpaHeH Ky6a (Ky6H'IeCKaH,
rpaHeueHtpHpoBaHHaH). MOHbI raJIOreHa pacnOJIO:>KeHbI Ha cepe.n;HHe pe6ep
H B ueHtpe Ky6a, npH'IeM 06pa3yeMbIH I1MI1 Ky6 cMelUeH OTHOCI1TeJIbHO Ky6a
H3 Ag+. KpHCTaJIJI B ueJIOM MO:>KeT6bITb npe.n;CTaBJIeH nOBTopeHHeM CTpyKTY-
pbI, H306pa:>KeHHOH Ha pHC. 2, a, BO Bcex tpex HanpaBJIeHHHX, 0603Ha'IeHHbIX
CTpeJIKaMH. Koop.n;HHaUHoHHoe 'IHCJIO B AgCl H AgBr, T, e. 'IHCJIO 6JIH:>KaHIUHX
HOHOB npOTHBOnOJIO:>KHoro 3HaKa, paBHO 6 (AgX6, XAg6)' nOCTOHHHbIe 3THX
pelUeTOK d, T. e. paCCTOHHI1H Me:>K.D;y6JIH:>KaHIlII1MH o.n;HHaKOBbIMH HOHaMH,
MHorOKpaTHO onpe.n;eJIHJIHCb [8,91 MeTo.n;OM peHTreHocTpyKTypHoro aHaJIH3a.

)J;JIH AgBr: dAgBr = 5,7748 A H .D;JIHAgCl: dAgcl = 5,5502 A.
LLnH TBep.n;bIX paCTBopOB AgCI(Br), AgBr(l) H AgCl(Br, I) THn Iq>HCTaJI-

JIH'ieCKOH peIlIeTKH - Ky611'IeCKOH, rpaHeueHtpHpOBaHHOH: - coxpaHHeTCH,

TOJIbKO B Y3JIax ee nonepeMeHHO HaxO.n;HTCH HOHbI Cl-, Br- Hr. nOCTOHH-
HaH peIlIeTKH npH 3TOM H3MeHHeTCH. HanpHMep, MH AgCl(Br) nOCTOHHHaH
peIlIeTKH MeHHeTCH nponOpUHOHaJIbHO co.n;ep:>KaHHIO 6pOMH.D;-HOHOB [9]:

dAgCl(Br) = 5,5502 + 2,246 . 10-
3

[Br-] A.

dAgBr(I) = 5,7748 + 3,68 . 10-
3 [1-] A.

MO.n;HCToe cepe6po HMeeT MeHee CHMMetpH'IHyIO peilieTKy H H3BeCTHO
B 4-x MO.n;H<l>HKaUHHX - a, {3", 6. Mo.n;H<l>HKaUHH 6 cYlUecTByeT JIHWb npH
BbICOKHX .n;aBJIeHHHX, a - AgI cTa6HJIbHO npH TeMnepaTYPax BbIwe 146°C
H HMeeT Ky6H'IeCKyIO 06beMHoueHtpHpoBaHHyIO peilieTKy. MonH<l>HKaUHH {3
H , - AgI 06pa3yIOTcH npH HOPMaJIbHbIX yCJIOBHHX CHHTe3a AgI H3 paCTBO-
pOB. AgI B (3 - MO.n;H<l>HKaUHH HMeeT reKcaroHaJIbHYIO peilieTKy, nOKa3aHHYIO

Ha pHc.3, C napaMetpaMH a = 4,5923 A H C = 7,5093 A. 06pa3yeTcH npH
H36bITKe HOHOB 1- B paCTBope. AgI B , - Mo.n;H<l>HKauHH 06pa3yeTcH npH
H36bITKe HOHOB Ag+ H HMeeT Ky6H'IecKyIO peilieTKy THna KpHCTaJIJIa UHH-

KOBOH 06MaHKH C napaMetpaMH: a = 6,49 A H d = 2,81 A, rne a - MHHa
3JIeMeHTapHoro Ky6a, a d - paCCTOHHHe Me:>K.D;y6JIH:>KaHIlIHMH HOHaMH.
CJIe.n;yeT elUe pa3 no.n;'IepKHYTb, 'ITO AgI HH.n;HBH.n;YaJIbHO He HCnOJIb3yeTcH,
a JIHilib B BH.n;e TBep.n;bIX paCTBOpOB C AgCl H AgBr. HanpHMep, CMeIlIaHHbIe
KpHCTaJIJIbI AgCl(I) HMeIOT Ky6H'IeCKyIO peilieTKy npH KOHueHtpaUHH AgI
.n;o 10,5 MOJI.%. npe.n;eJIbHbIH COCTaB TBep.n;bIx pacTBopoB AgBr(I) cYlUecTBeH-
HO 3aBHCHT OT TeMnepaTYpbI H yCJIOBHH 06pa30BaHHH KpHCTaJIJIOB. 06bI'IHO

3TO BeJIWlHHa OKOJIO 30 MOJI.% AgI.
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HblMH, H ,l1e.peKTbl, 06ycJIoRJIeHHble HHOPO.L1.HblMHnpHMeCHMH. PaCCMOTpHM
C06CTBeHHble TOlfelfHble ,l1e.peKTbIpeWeTKH.

BCJIe,l1CTBHeKOJIe6aHHtt peWeTKH npH JIIo60tt TeMnepaTfpe HeKOTOpoe KO-
JIHlfeCTBOHOHOBB KpHCTaJIJIaxAgHal CpblBaeTCHH3 Y3JIOBpeWeTKH. npH 31'OM
,l10JIHTaKHX HOHOB npH KOMHaTHott TeMnepaTYpe B peWeTKe AgHal 6oJIbwe,
lfeM y 60JIbWHHCTBa ,l1pyrHX KpHCTaJIJIHlfeCKHXBellleCTB. npHCYTCTBHe TOlfelf-
HblX ,l1ecPeKTOBTaKOrO POJl3 HMeeT Bll)J{Hoe 3HalfeHHe .IJ)IHcPOTorpacPHlfeCKHX
CBOttCTBAgHal.
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npe,l1CTaRJIeHHH 0 TOM, lfTO peWeTKa AgCI H AgBr lfHCTO HOHHaH, T. e.
nocrpoeHa H3 HOHOB, ynaKOBaHHblX KaK TBep,l1b1eWapbl, HRJlHIOTCHynpo-
llleHHblMH. 3TH npe,l1CTaRJIeHHHC pa3yMHott TOlfHOCTblO npHMeHHMhI JIHWb
K llleJIOlfHO-raJIOHJlHbIM KpHCTaJIJIaM (llJ,rK) THna NaCI. ,nnH HHX nOCTOHH-
HaH peWeTKH paBHa CYMMePa.LUiYCOBHOHOB: dMeHal = 2rMe+ +2rHal-. O.L1.HaKO
:nO paBeHCTBOHe C06JIIOJl3eTCH.IJ)IHAgHal. TaK, .IJ)IHAgBr npH rAs+ = 1,13 A
H rBr- = 1,96A nOCTOHHHaH peweTKH ,l10JDKHa COCTaBHTb 6,18A BMeCTO

Ha6JIIO,l1aeMblX 5,7748 A. B AgHal CBH3b He HRJlHeTCHlfHCTO HOHHoA, KaK
B lllrK, a lfaCTHlfHO KOBaJIeHTHoit To eCTb cYlllecTBYJOT 06061lleHHhle MOJIe-
KYJIHpHble Op6HTaJIH (MO) HOHOB Ag+ H Hal-. CJIe,l10BaTeJIbHO,B peweTKe

AgHal B npOCTPaHCTBeMe)l()ly HOHaMH Ag+ H Hal- 3JIeKTPOHHaH nJIOTHOCTb
HHKOT,l1aHe paBHa HyJIIO, a HMeeT KOHelfHoe 3HalfeHHe. ,ll,OJIHKOBaJIeHTHOCTH
CBH3HB03paCTaeT B PH.l1YAgCI < AgBr < AgI.

§2. ,lI,e4»eKTbI KpHCTaJlJIlf1IeCKOii peWeTKH.
TOQeqHbIe .ZJ;e4»eKTbI

B HOHHblX KpHCTaJIJIaX MOfYT 06Pa30BaTbCH TOlfelfHble ,l1e.peKTbl ,l1Byx
THnOB: iJerjJelCmbl (/)peHlCe.tlJI U iJerjJelCmbl llJommlCu, nOJIyqHBillHe Ha3BaHHe
no cPaMHJIHHMyqeHblx, BnepBble paCCMOTPCBIIIHXTaKHe .llecPeKTbI. ,ll,e.peKTbI
<l>peHKenH 06pa3YlOTCH npH nepexO,l1e HOHa cepe6pa H3 Y3JIa peweTKH B npo-
CTPaHCTBOMe)l()ly HOHllMH peWeTKH, KaK nOKa33HO Ha pHC. 4. 06pa30BaBIIIHe-
CH,TaK Ha3b1BaeMble, Me)J{}'3enbHhle HOHbl cepe6pa Agt (i - interstitial, aHm.),
06n3Jla1OT nO,l1BHxrnocTblO B KpHCTaJIJIe (noKa33Ho cTPeJIKoA), lfeM C03,l1alOT
HOHHylO npoBO,l1HMOCTbB 3neKTPHlfeCKOM none, B03paCTaIOIllYlO C nOBhlwe-
HHeM TeMnepaTYPbI. 3neKyPOHeA:TPaJIbHOCTb KpHCTaJIna npH 06pa30BaHHH
~olfelfHblx ,l1e«PeKTOBCOXpaHHeTCH6naro,l1apH TOMy, lfTO .ll~.peKTbI 06Pa3yIOTCH
nonapHo C paBHhlMH no BeJIHlfHHe H o6paTHblMH no 3HaKY 3apH.l1aMH.B cny-
lfae ,l1ecPeKTOB<l>peHKenH HapH.l1Y C Agt B03HHKaeT KaTHOHHaH BaKaHCHH,
0603HalfaeMaH Ago (HnH VAs). npH 3TOM cYllleCTByeT TepMO,l1HHaMHlfecKoe
paBHOBeCHe, T. e. npoH3Be,l1eHHe KOHueHTPauHH Me)J{}'3enbHblx HOHOB~ H Ka-
THOHHblX BaKaHcHtt no - BeJIHlfHHa nOCTOHHHaHnpH ,l1aHHoA TeMnepaTfpe:
nj • no = KF, me KF - nOCTOHHHaH<l>peHKenH. B npHHUHne, KamOHHhle
BaKaHCHH TalOKe MOfYT nepe,l1BHraTbCHno KPHCTllJIJIYB 3JIeKTPHlfeCKoM none,
O,l1HaKOHX nO,l1BHxrnocTb 3HalfHTenbHO MeHbIlle, lfeM Agt. OnblTbI no nepe-
HOCy 3apH.l1a B 3neKTPHlfecKoM nOJle nOKa3aJIH, lfTO npaKTHlfeCKH BeCb TOK
nepeHocHTcH Agt [10]. KaTHOHHaH BaKaHCHH caMa no ce6e He 06n3Jl3eT

H,l1eaJIbHOA peweTKH He CYIlleCTByeT. PeaJIbHaH KpHCTaJIJIHlfeCKaH pe_
weTKa AgHal HMeeT PH.l1,l1ecPeKTOB.MHome cBOA:cTBa AgHal, Baxmble .IJ)IH
cPOTorpacPHlfecKoA: TeopHH, 06'bHCHHIOTCHHaJIHlfHeM CTPYKTYPHblX,l1e«PeKTOB,
T. e. OTKJIOHeHHA:OT H.lleaJIbHOii npocTPaHCTBeHHoA: nepHO,l1HlfHOCTHB pac-
nOJIO}KeHHH HOHOB B rpaHeueHTPHpoBaHHOA KY6HlfecKoA: peIlleTKe [I]. ,ll,e-
cPeKTbl .llenHTCH Ha mOlfelfHble H npomJIJICeHHble. TOlfelfHble .llecPeKTbIKaCalOTCH
HapyIlleHHii B nepHO.llHlfHOCTH pacnOnO}KeHHH HOHOBB Y3JIaxpeweTKH. npo-
TH}KeHHble .llecPeKTbl, K KOTOPblMOTHOCHTCHO.llHoMepHble nHHeiiHble ,l1e4>eKTbI
H .llByMepHble nnocKHe, npe,l1CTaBJIHIOTc060ii 60nee 3HalfHTenbHble Hapy-
weHHH nepHO.llHlfHOCTH B peWeTKe. KpoMe TOTO, pa3JIHlfalOT co6cm8eHHble
iJe¢elCmbl peweTKH, KOTopble MOfYT 6blTb KaK TOlfelfHbIMH, TaK H npoTH}KeH-



3aPMOM, O)J.HaKO, TaK KaK OHa OKpYJKeHa HOHaMH Br-, TO B MeCTe BaKaH-

CHH OKa3bIBaeTCH He KOMneHCHpOBaHHbIM 3apH.lI., paBHbIH 3apH.lI.Y yme.ll.mero

HOHa, HO npoTHBOnOJIO:lKHbIH no 3HaKY. llepe.ll.BH)I(eHHe KaTHOHHOH BaKaH-

CHD npoaCXO)J.HT nYTeM nOCJIe.ll.OBaTeJIbHOrO nepeXO.ll.a Ha BaKaHTHoe MeCTO

6JIHJKaRmero DOHa, O.ll.HOHMeHHoro no 3HaKY C yme.ll.mHM, T. e. Ag+.

Y)J.eJIbHaH HOHHaH npOBO.ll.HMOCTb HOHHoro npOBO.ll.HHKa u onpe.ll.eJIH-

eTCH KOHueHTpaUHeH n, nO.ll.BH)I(HOCTbIO JL H 3apH.lI.OM e CYlUeCTBYIOmHX

B HeM nO.ll.BH:lKHbIX HOCHTeJIeH. ):{e<l>eKTbI <l>peHKeJIH C03.l1.aIOT npOBO.ll.HMOCTb:

u = e(ni' JLi + no' JLo), r)J.e HH.lI.eKCbI i H 0 OTHOCHTCH K Me)l(Y3eJIbHbIM HOHaM

H KaTHOHHbIM BaKaHCHHM. ComacHo [3] KOHueHTpaUHH .lI.e<l>eKToB B KPHCTaJI~

JIax AgBr npH KOMHaTHOH TeMnepaTYPe (nj = no) paBHa npH6JIH3HTeJIbHO'
1014 -3 AgCI 012 -3CM ,B - 1 CM. llO.ll.BH)l(HOCTb HOHOB B [9, c. 72] oueHeHa npH

KOMHaTHOH n:Mneparype}J.JIH KpHCTaJIJIOB AgBr paBHoH JLAg; ~ 3.10-4 CM2/B·c

H JLAIC ~ lO-b CM2/B .c. .
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<I>peHKeJI5I. HanpOTHB, npHMeCHble HOHbI C 60JIbmHMH 3apMaMH (HanpHMep,

Pb2+, Cd
2

+, Ir
3
+, S2-) HapymaIOT 6aJIaHC .lI.e<l>eKTOB<I>peHKeJIjf. PaCCMOTpHM

3TO Ha npHMepe Cd
2

+. HOHbI .lI.BYX3apMHbIX KaTHOHOB HMeIOT pa.n;HYCbI,

6JIH3KHe K HOHY cepe6pa: Ag+ - 1,13A, Cd
2

+ - 1,03A, Ca2+ - 1,06A.

):{JIjf coxpaHeHH5I 3JIeKTpOHeHTpaJIbHOCTH no COCe.ll.CTBY C HOHOM Cd2+ 06pa-

3yeTC5I .lI.OnOJIHHTeJIbHaH BaKaHCH5I HOHa cepe6pa Ag~ (pHc.6). 06pa30BaHHe

KOMnJIeKCOB [Cd2+ . Ag~] 6bIJIO nO.ll.TBep)I(}J.eHO 3KcnepHMeHTaJIbHO (MeTo)J.oM

HMP) [9, c. 66].
ComacHo TepMO.ll.HHaMHqeCKOMY paBHOBeCHIO B KpHCTaJIJIHqeCKOH pe-

meTKe AgHal npH nOCT05IHHOH TeMnepaTYPe npOH3Be)J.eHHe KOHueHTpa1.lHH

Ag( H Ag~ nOCT05IHHO [1, c. 21]:

PIle. 5. 06p1l30BaHHe .lle<l>eKTOB1lI000KH B pellIeTKe AgHal

BTOPOH THn c06cTBeHHbIX TOqeqHbIX )J.e<l>eKToB - )J.e<l>eKTbI IIloTTKH.

OHB 06Pa3YIOTCSI npH OTCYTCTBHH B CBOHX Y3JIax napbI HOHOB, COCTaBJI5IIOlUHX

pemeTKY. 3To HJIJIIOcTpHpyeTC5I pHC. 5. HOHbI, nOKHHyBmHe y3JIbI, nepeXOMT

Ha nOBepXHOCTb KpHCTaJIJIa. TaK KaK npH 3TOM B03HHKaIOT )J.Be BaKaHCHH _
Ag- +

KaTHOHHaH 0 H aHHOHHaH Halo, TO 3JIeKTpOHeHTpaJIbHOCTb pemeTKH B ue-

JIOM He HapymaeTCSI. B HaCT05Imee BpeMSI CqHTaeTCSI, qTO KOHueHTpaUl1H

)J.e<l>eKTOB IIlOTTKH cymecTBeHHO MeHbme, qeM )J.e<!>eKTOB<I>peHKeJI5I, KOTO-
phle H onpe.ll.eJIHIOT <l>H3HqeCKHe cBoRcTBa pemeTKH AgHal.

TOqeqHhle )J.e<l>eKTbI Heco6cm8eHHOZO muna MOfYT B03HHKaTb npH 3aMeme-

HHH HOHOB Ag+ HlIH Hal- )J.pyrHMH HOHaMH C 3apMOM paBHbIM eaHHHue HJIH

6oJIbme. llpH 3aMemeHHH Ag+ O)J.H03apMHbIM npHMeCHbIM KaTHOHOM (Ha-

npHMep, Cu+ HlIH Na+) B pemeTKe AgHal He HapymaeTC5I 6aJIaHC ae<l>eKToB

llOCT05IHHa5I <I>peHKeJI5I (KF) )l.aeTC5I CJIeaYIOIUHM TepMO)J.HHaMHqeCKHM

Bblpa)i(eHHeM:

KF = nj' no = 2n5' exp ( - ~~F) (2)

}J.JIH 2no Me)l(Y3eJIbHbIX nOJIO)l(eHHH H no BaKaHTHbIX MeCT. 3T0 BbIpa)i(eHHe

CJIe)l.yeT H3 MHHHMH3aUHH CB060)l.HOH 3HeprHH KpHCTaJIJIa, cO)J.epJKamero

)l.e<l>eKTbI, npHqeM b.GF - cBo60)l.Ha5I 3HeprH5I 06pa30BaHHSI napbI )J.e<!>eKTOB

<I>peH KeJI5I.

llpH BBe)l.eHHH Cd
2

+ paCTeT KOJIHqeCTBO KaTHOHHbIX BaKaHCHH, T. e. no,

H comaCHO ypaBHeHHIO (I) YMeHbmaeTC5I nj, T. e. [Agt]. B pe3YJIbTaTe 3TOro

npH KOHueHTpaUH5IX Cd
2

+ MeHbme 0,1 aT.% 3JIeKTponpOBOaHOCTb AgHal,

onpe)l.eJI5IeMa5I KOHueHTpaUHeH Agt, YMeHbmaeTC5I. O)l.HaKO npH 60JIbWHX

KOHueHTpaUH5IX Cd2+ 3JIeKTponpOBO)l.HOCTb B03pacTaeT, TaK KaK onpe)J.eJISI-

eTCH y)l(e nO)l.BH)I(HOCTbIO KaTHOHHbIX BaKaHCHH, qHCJIO KOTOpbIX no paCTeT

nponOpUHOHaJIbHO KOHueHTpaUHH Cd
2

+. llpH BCTpaHBaHHH B peweTKY AgHal



MHoro3apMHoro aHHOHa, HanpHMep, S2-, 06pa3YlOTCSI aHHOHHbIe BaKaHCHH

Hal;!i H KOMnJIeKC [S2-. Hal;!i] (pHC. 7). KpoMe TOro, lfro peaJIbHee, 06pa3YIOT-

CSI KOMnneKCbI Me)l{):(y S2- H Agt - [S2- . Agt]. YBenHlfeHHe KOHueHTPaUHH

Agt Be,ll,eT K CHHJKeHHIO KOHueHTPaUHH KaTHOHHbIX BaKaHCHH H K pOCTY
3neKTPOnpOBO,lI,HOCTH.

§ 3. nOBepXHOCTilbIe CBOHCTBaAgHal

llOBepXHOCTb KPHCTaJInOB AgHal MOJKHO paCCMaTPHBaTb B KalfeCTBe npo-

TSlJKeHHOrO ,lI,e<l>eKTa KPHCTaJInHlfeCKOH peweTKH, TaK KaK CHnbI MeJKHOHHOrO

B3aHMO,ll,eHCTBHSI Ha nOBepXHOCTH HHbIe, lfeM B 06'beMe. ll03TOMy CBOHCTBa

nOBepXHOCTH MHKPOKPHCTaJInOB (MK) OKa3bIBalOT 60nbwoe, a lfaCTO onpe,ll,e-

nSlIOIIIee, BnHSlHHe Ha <l>OTorpa<l>HlfecKHe xapaKTepHCTHKH AgHal-3MynbCHH.

,lle<l>eKTbI nOBepXHOCTH, a,lI,COp6UHSI pa3nHlfHbIX COe,ll,HHeHHH H XHMHlfeCKHe

peaKUHH Ha nOBepXHOCTH MK, KaK 6Y,ll,eT nOKa3aHO ,lI,aJIbWe, onpe,ll,enSlIOT

<l>OTonpoueCCbI B MHKPOKPHCTaJInax. PaCCMOTPHM, npe)l{):(e Bcero, HeKOTopble

nOBepXHOCTHble ,lI,e<l>eKTbI, nOKa3aHHbIe Ha pHC. 8. OHH 06pa3YlOTCSI npH no-

cnoHHoM pOCTe KpHCTaJInOB. llpH 3TOM B03HHKalOT CTYneHH H H3nOMbI Me)l{):(y

CTYneHSlMH. llo,ll, CTYneHblO uog, aHrn.) nOHHMalOT TaKYIO HenpepbIBHylO nH-
HHIO, Ha KOTOPOH ypOBHH nonynnOCKOCTeH OTnHlfalOTCSI Ha O,ll,HO MeJKHOHHOe

paCCTOSlHHe. BTOPbIM BH,lI,OM,lI,e<l>eKTOBSlBnSleTCSIH3nOM (kink-site) Me)l{):(y,ll,By-

MSI cTYneHSlMH. I13nOM MOJKeT COCTOSlTb H3 HOHa Br-, TOr,ll,a ero H36bITOlfHbIH

3aPM 6Y,ll,eT paBeH q = -eI2, HnH H3 HOHa Ag+ C q = +e12 (pHC. 8).

CaMa nOBepXHocTb H3-3a HecKoMneHcHpoBaHHocTH 3apMOB HOHOB Ha

HeH HMeeT H36bITOlfHYlO 3HepfHIO no OTHoweHHIO K 06'beMy KPHCTarrna.

,lle<l>eKTbI JKe nOBepXHOCTH 06na,ll,aIOT eIlIe 60nbweH H36bITOlfHOH 3HeprHeH.

HanpHMep, H3BeCTHa H36bITOlfHaR 3HepfHSI, BbI,ll,enSlIOIIIaSlCSI npH BCTPaHBa-

HHH HOHa B Pa3nHlfHble MeCTa nOBepXHOCTH, AlISI KPHCTarrna NaCI (pHc.9).

0,0662 0,0903

1

PIIe.9. 3Ha'leHIDI 3HepmH, BblLleIDIeMoH rrpH BCTpaHBaHHH HOHa B pa3JIH'IHble MeCTa
KpHCTllJIJIa NaCI

llpHBe,ll,eHHbIe 3HalfeHHSI SlBnSlIOTCSIpaclfeTHbIMH. 3a e,ll,HHHUY npHHSlTa 3Hep-

fHSI, BbI,ll,enSlIOIIIaRCSI npH C6nHJKeHHH ,lI,Byx HOHOB,lI,O HOpMaJIbHOro COCTOSlHHSI.

113 pHCyHKa Cne,ll,yeT, 'I TO HaH60nbWaR H36bITOlfHaSl 3HepfHSI Ha6nlO,lI,aeTCSI

Ha H3nOMe (0,8738), ,lI,aJIee Ha KpalO CTYneHH (0,4941), Ha BepWHHe KY6a

(0,2490) H Ha caMOH CTYOeHH (0,1806). MHHHMaJIbHaSl H36bITOlfHaR 3HeprHSI

(0,0662) Ha6nlO,lI,aeTCSI Ha caMOH nOBepXHOCTH [11].

BbIwe MbI paCCMOTPenH, 'I TO npH BbIXO,ll,e HOHa H3 Y3na peweTKH O,ll,HO-

BpeMeHHO 06Pa3YIOTCSI .!lBa TOlfelfHbIX ,lI,e<l>eKTa - Agt H KaTHOHHaR BaKaHCHSI

Ago, npHlfeM lfepe3 ~GF 6bma 0003Ha'ieHa CB060.!lHaSl 3HepfHSI 3TOro npouec-

ca. Ha nOBepXHOCTH AgHal CHTYaUHSI OCnOJKHSleTCSI: 06pa30BaHHe Agt H Ago

MOJKeT npOHCXO,ll,HTb He3aBHCHMO cornaCHO cxeMe pHC. 10. llpH 3TOM HOH

cepe6pa C H3nOMa C 3apMoM q = +e12 MOJKeT yxO.!lHTb B 06'beM KpHCTarrna

B BH,lI,e MeXY3enbHoro HOHa Agt H, Hao60poT, HOH Ag+ H3 KpHCTaJInHlfeC-

KOH peweTKH nepeXO.!lHTb Ha nOBepXHOCTb Ha H3nOM C 3apMoM q = -e12
C 06pa30BaHHeM KaTHOHHOH llaKaHCHH Ago (pHc.l0).

llepexo,ll, Ag+ C nOBepXHOCTH B Me)l{):(oY3nHe TPe6yeT 3HepfHH ~Gi, a nepe-

XO.!l HOHa H3 Y3na peweTKH Ha nOBepXHOCTb ~GD' npHlfeM ~GF = ~Gi+~GD'
EcnH ~Gi ::/= ~GD, TO nOBepXHOCTb KPHCTarrna npH06peTaeT 3neKTPHlfeCKHH

3apM, a no.!l nOBepXHOCTblO 06pa3yeTcR 06'beMHbIH 3apM npOTHBOnOnOJK-

HOro 3HaKa. ,lleHcTBHTeJibHo, ecnH ~Gi < ~GD, KaK 3TO HMeeT MeCTO ,lI,nR

AgBr [9, c.74], TO KOHueHTPaUHR MeXY3enbHbIX HOHOB no.!l nOBepXHOCTblO

OKa3bIBaeTCR 60nbwe, lfeM Ha caMOH nOBepXHOCTH, H B03HHKaeT 3neKTPH-

lfeCKoe nOJIe, HanpaBneHHOe H3HYTPH KpHCTarrna K nOBepXHOCTH, a no.!l

nOBepXHOCTblO 06pa3yeTcR o6'beMHbIH nOJIOJKHTeJIbHbIH 3apR,lI,. TOJIIIIHHa CJIOR

06'beMHOro 3apMa COCTaBnReT '" 500 - 1000 A. COfJIaCHO oueHKaM [9, c. 75]
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Ta6J1uua 1. PaCTBopHMOCTb AgHal H TO'IKa HyJleBoro 3aplIna B BOnHOM paCTBope
npl1 25°C [1, c. 33]

pAg

AgHal -Ignp = pKnp TO'lKa TO'lKa
3KBHBaJIeHTHOCTH HyJleBoro 3apSlJla

Agel 9,8 4,9 4,6
AgBr 12,3 6,15 5,3 ± 0,2
AgI I 16,1 8,05 5,6 ± 0,3 I

HaMH npOTHBOnOJIO)l(Horo 3apR,na. CTpoeHHe ,nBOM:HOrO 3JIeKTpH"eCKoro CJIOR

Ha Me)l(cPa3HOM: rpaHHue AgHal/pacTBop nOKa3aHO Ha pHC. II. aH COCTOHT

H3 CJIOR IIITepHa, B KOTOpbIM: BXO,nRT npo"Ho a,nCOp6HpoBaHHble npoTHBoHOHbI

B Henocpe,ncTBeHHoM KOHTaKTe C nOBepxHocTbIO, H BHeUIHero ,nHcPcPY3Horo

CJIOR. ECTeCTBeHHO, "TO nOBepXHOCTHbIM: nOTeHUHaJI 'IjJ H 3JIeKTpOKHHeTH"ec-

KHH (I1JIH ,nHcPcPY3HOHHbIH) (-nOTeHUHaJI 3aBHCRT OT BeJIH'lI1HbI pAg paCTBopa,

B KOTOpOM Haxo,nHTCR MK.

HanpR)l(eHHOCTb nOJIR: y nOBepXHOCTH KpHCTaJIJIOB AgBr ,nOCTI1raeT BeJIH"HH

nopRAKa 10
4

B/CM. no ,naHHbIM TpaYTBaHJIepa [9, c. 75] ~Gi = 0,32 3B

H ~GD = 0,60 3B. no ,npyrnM ,naHHbIM [1, c. 25] MR: AgBr C OKTa3,npH"ecKoH

orpaHKo1t (CM. HH)I(e) ~Gi = 0,21 3B H ~GD = 0,85 3B. aTMeTHM, 'ITO ~GF

MR: 06pa30BaHHR: ,necPeKTOB ~peHKeJIR: B 06'beMe MOHOKpHCTaJIJIa AgBr nOPRA-

Ka 1,1 3B, a 3HeprnR: aKTHBaUHH nepe,nBH)I(eHHR: Agt ~ 0,15 3B [9, c. 71]. Be-

JIH'IHHa nOTeHUHaJIa Ha nOBepXHOCTH 6bma oueHeHa B -140±50 MB [9, c. 75].

liJIaro,napR: BKJIa,ny nOBepXHOCTH B 06pa30BaHHe Agt OKa3aJIOCb, 'ITO

TeMHOBaSl npOBo,nHMOCTb 3MYJIbCHOHHbIX MHKpOKpHCTaJIJIOB Ha ,nBa nOPRAKa

BhIwe, 'IeM MR: KpynHbIX KpHCTaJIJIOB. 3T0' O'leHb B3)I(HO MR: cPOTorpa-

cPH'IeCKoro npouecca, KOTOPbI1t, KaK 6y,neT nOKa3aHO BnOCJIe,nCTBHH, H,neT

C yqacTHeM Agt. KpOMe TOro, nOJIe no;:inoBepXHocTHOro 3apRAa cnoc06cTBy-

eT YMeHbWeHHIO peKOM6HH3UHH cPOT03JIeKTPOHOB H ,nblpOK, HX pa3,neJIeHHIO

B npOCTpaHCTBe, nOCKOJIbKY HX ,nBH)I(eHHe B 3JIeKTPH'IeCKOM nOJIe npOTHBO-

n01l0)K}{0.

§ 4. CBOHCTBa rpaHHIJ;bI pa3)J;eJla AgHaljpacTBop KOHueHTpaU1Hl
HOHOB

PaCTBOpHMOCTb AgHal B Bo,ne paCTeT C TeMnepaTYPOH H YMeHbWaeTCR:

B PRAY AgCI > AgBr > AgI. aHa BbIp3)l(3eTCR: npOH3Be,neHHeM paCTBopHMOCTH

np = [Ag+]. [Hal-j HJIH - Ig np = pKnp. BeJIH'IHHbI pKnp npHBe,neHbI

B Ta6JI. 1. XapaKTepHo, 'ITO npH KOHTaKTe C BO,nOH C nOBepXHOCTH KpHCTaJIJIa

B paCTBOp nepeXO,nRT HOHbI Ag+ H Hal-, npH 3TOM HOHOB cepe6pa nepexo,nHT

60JIbWe, 'IeM Hal- [1, c.31]. 3T0 CBR:3aHO C 60JIbWeH paCTBopHMOCTbIO Ag+

H COOTBeTCTBeHHO C 60JIbWeH a,nCop6HpyeMocTbIO Hal-. n03TOMY nOJIOBHHa

BeJIH'IHHbI npoH3Be,neHHR: paCTBopHMOCTH (TO'lKa 3KBHBaJIeHTHocTH) H TO'lKa

HyneBOro 3apRAa (TH3) He COBna,naIOT. BeJIH"HHbI pKnp MR AgHal H TO'lKH

HyJIeBoro 3apRAa B BenH'IHHaX pAg = -Ig [Ag+] npe,nCTaBJIeHbI B Ta6JI.1.

nOBepXHOCTHbIH 3apRA a,nCOp6HpOBaHHoro H36bITKa Hal- C03,naeT 3JIeKTPH-

'IecKoe none B npl1JIeraIOIIleM CJIoe paCTBopa, KOTopoe KOMneHcHpyeTcR HO-

PaCCTOllHl1e

Puc.II. PacnpeneJleHHe nOTeHUl1aJJa 11110HOBHa Me)f(lj:>a3HoHrpaHl1ue AgHal/pacTBop

MHKpOKpHCTaJIJIbI AgHal npe,nCTaBJIRIOT C060H KOJIJIOH,nHyIO cHcTeMy 30-

JIeH, cTa6HJlbHOCTb KOTOpOM: 3aBHCHT OT BeJIH'IHHbI H 3HaKa nOBepXHOCTHoro

3apsma. KoaryJIRUHR HaH60JIee BepORTHa B TO'lKe HyJIeBoro 3apR,na, Kor,na OT-

CYTCTByIOT CHJIbI KYJIOHOBCKoro OTTaJIKHBaHHR. HyJIeBOH 3apR,n ,nOCTHraeTCR

JIH60 H3MeHeHHeM pAg (BBe,neHHe HOHOB Ag+), JlH60 BBe,neHHeM 3JIeKTpO-

JIHTOB, cnoc06cTByIOIIlHX nepe3apR,nKe 30JleH. B COOTBeTCTBHH C npaBHJIOM

roct>MeHCTepa BeJIH'IHHa KpHTH'IeCKOH KOHueHTpaUHH nOCTopOHHHX HOHOB,

He06xo,nHMaR MR: KoaryJIRUHH 30JIR AgBr/Br-, YMeHbwaeTCR B nOCJIe,nOBa-

TeJIbHOCTH 0,nH03apR,nHbIX 110HOB U+, Na+, K+, Rb+, Cs+, a B COOTBeTCTBHH

3 3aK, 65



C npaBHJIOM llIYJIhue-XapJJ.H JJ.JIHMHOr03apHJJ.HhIX HOHOB B pHJJ.Y K+, Ba
2
+,

La3+ H Th4+ [1, c. 35]. Ancop6ul-HI peWeTO'IHhIX HOHOB 3aBHCHT OT HX KOH-

ueHTPaUHH B paCTBope H OT COCTOHHH5I nOBepXHOCTH (B TOM 'IHCJIe OT ee

OrpaHKH). OpH H36hlTKe Ag+ u paCTBOpe Ha nOBepXHOCTH AgHal TalOKe HMe-

eTCH H36hlTOK a.u.COp6HpOBaHHhIX HOHOB cepe6pa; npH H36hlTKe Br- (Hal-) -

OTpHUaTeJIbHhlW 3apHJJ., CBH3aHHhlW C H36hIT0'IHOW nOBepXHOCTHOH KOHueH-

TpaUHew HOHOB Br-. KpOMe Toro, 3apHLl nOBepXHOCTH CB5l3aH C pH (a.u.cop6-

UHH HOHOB H+). vl36hlT0'IHble HOHbl Br- MOryT 3aHHMaTh TOJIbKO He60JIhwyIO

'1aCTb nOBepxHocTH AgBr - JJ.IDKe npH HaCblmeHHH pacTBopa HOHaMH Br-

OHM 3aHHMalOT '" 20 % nJIOma.u.H nonepXHOCTH r I, c. 32].

KaK npaBHJIO, <t>oTorpa<t>H'IeCKHe 30JIH AgHal cOJJ.ep)KaT )KeJIaTHHy H JJ.PY-

me nOBepxHocTHO-aKTHBHble BemeCTBa (flAB), a.u.cop6upylOmHecH Ha AgHal

H npHJJ.alOmHe JJ.onOJIHHTeJIhHYIO KOJIJIOHJJ.HylO CTa6HJIhHOCTh 30JIHM. TaKHe

30JIH B <t>oTorpa<t>H'IeCKOW TeXHOJIOrHH HenpaBHJIhHO Ha3hIBalOT «<t>oTorpa-

<t>H'IeCKHMH 3MYJIhCHHMH». 3Ta HeTO'lHOCTb CJIO)KHJIaCb HCTOpH'IeCKH H, He-

CMOTpH Ha HeCOOTBeTCTBHe TepMHHOJIOrHH KOJIJIOHJJ.HOH XHMHH, npH)KHJIacb.

OOJJ.p06Hee Ha BJIUHHUH )KeJIaTHHbI H nAB Ha KOJIJIOHJJ.Hhle CBOHCTBa 30JIeW

AgHal MbI OCTaHOBHMCH B CneUHaJIhHOM pa3JJ.eJIe, nOCBHmeHHOM )KeJIaTHHe.

He 06YCJIOBJIeHhi TepMO}lHHaMH'IeCKHMH npH'IHHaMH H n03TOMY KpHCTaJIJIhl

C LlHCJIOKaUHHMH He HaxOJJ.HTCH B COCTOHHHH C MHHJlMaJIhHOM cD060JJ.HOW

3HeprHeW. ~lfCJIOKaUlfH MOryT BOJHHKaTh KaK CJIeJJ.CTBHH H~pyweHHM, Dhl-

3BaHHhiX npHMeC$lMH. JIH60 KaK PC3YJIhTaT <t>JIYKTyaUHw COCTaBa paCTBopOB

HJIH TeMnepaTyphl npH pOCTe MK. ~HCJIOKaUHH HIlJIHIOTCH 06JIaCTHMH KpH-

CTaJIJIOB C nOBhlweHHoii 3Hepmetl H peaKUHOHHOH cnoc06HOCThlO. OHH

IfrpalOT Ba)KHYIO POJIb D 06pa30BaHHH BHYTPeHHero CKphlToro H306pa)Ke-

mHI (CM), paCCMOTpeHHoro JJ.aJIee. C<IHTaeTCH, '1TO JJ.IfCJIOKaUHH B03HHKalOT

npH pocTe CMewaHHhIX MK AgBr(I), '1TO npHBOJJ.HT K pOCTy 3JIeKTPOnpOBOJJ.-

HOCTH H CBeTO'lYBCTBHTeJIbHOCTH TaKHX KpHCTaJIJIOB. 3JIeKTpOnpOBOJJ.HOCTh

B03paCTaeT npH yBeJIH'IeHHH cOJJ.ep)KaHHH AgI JJ.O 3 MOJI.%. POCT 3JIeKTPO-

npOBOJJ.HOCTH '" B 100 pa3 COnpOBO)KJJ.aeTCH POCTOM CBeTO'lYBCTBHTeJIhHOCTH.

YBeJIH'IeHHe 3JIeKTpOnpOBOJJ.HOCTH npH BB~JJ.eHHU AgI B AgBr, nO-BUJJ.UMOMy,

CBH3aHO C nOBhlweHueM KOHueHTPauuu Agj , reHepupyeMblX Ha JJ.UCJIOKaUHHX.

Ha pUC. 12,0 CXeMaTU'IeCKH nOKa3aHa TaK Ha3biBaeMaH KpaeBaH JJ.uCJIOKaUUH,

BbI3BaHHaH BHeJJ.peHueM nocTopoHHero HOHa. 3TO npuBoJJ.HT K HCKIDKeHHIO

nopHJJ.Ka B pacnOJIO)KeHHH coceJJ.HHX HOHOB. B pe3YJIhTaTe 3Tom cBepxy 06pa-

3yeTcH n+ 1 aTOMHaH nJIOCKOCTb, CHH3Y Ha TOM )Ke OTpe3Ke JJ.JIHHbl n-aTOMHaH

nJIOCKOCTb. npH nOCJIeJJ.YlOmeM pocTe KPHCTaJIJIOB KpaeBhIe JJ.HCJIOKaUHU MO-

ryT nepepaCTaTb B CTyneHhKH Ha nOBepXHocTU H B BUHTOBble JJ.HCJIOKaIUHI,

KorJJ.a cTyneHbKa 3aKpY'luBaeTcH It CnUpaJIb (pHc.12, 6). B cTaphlx pa60Tax
JJ.HCJIOKaUHH Ha3blBaJIUCh «BHyTpeHHHMH TPemUHaMU".

§ 5. npOTIDKeHHLIe ,u;e<l>eKTbI. ,I(HCJIOKaU;HH.
nJIOCKOCTH,lJ;BOHHHKOBaHHB

npOTH)KeHHhle JJ.e<t>eKThIJJ.eJIHTCHHa JIUHeHHble, nOBepXHOCTHhIe If 060-

eMHbIe.

)JuHelJHble oe¢eKmbl - OJJ.HOMepHhle, T. e. npOTH)KeHHhIe B OJJ.HOM U3-

MepemtH; HapyweHHH nepHOJJ.H'IHOCTH B OJJ.HOM H3MepeHHH npOCTHpalOTCH

Ha paCCTOHHHH, cpaBHHMbIe C pa3MepOM KpHCTaJIJIa, a B JJ.ByX JJ.pymx Hanpa-

BJIeHHHX He npeBhIwalOT HeCKOJIhKHX napaMeTPOB peweTKH. CneUH<t>H'IeCKHe

JIHHeMHhIe JJ.e<t>eKTbI - OUCJlOKO/,(UU.KpOMe TOro, HeycToH'IHBble JIHHeWHhle

JJ.e<t>eKTbIMOryT B03HHKaTb H3 uenO'leK TO'le'lHbIX JJ.e<t>eKTOB.

lloeepXHocmHble UJIU oeyMepllble Oe¢eKfnbl nocTHpalOTCH B .nByx H3Mepe-

HHHX Ha paccTOHHHH, cpaBHHMhle C pa3MepoM KpHCTaJIJIa, a B TpeTbeM -

COCTaBJIHIOT HeCKOJIhKO napaMeTpoB peweTKH. TaKoBhI nJIOCKOCTH JJ.BOHHH-

KOBaHHH, rpaHHUbl 3epeH H 6JIOKOB, CTeHKH JJ.OMeHOB, JJ.e<t>eKThlynaKoBKH H,

HaKoHeu, caMa nOBepxHocTh KpHCTaJIJIa.

061>eMHble UJIU mpeXMepuble iJe¢eKmbl - 3TO nYCTOThI, nOphI, '1aCTHUhI

.npyroH <t>a3bI, BKJIIO'IeHHH.

K '1HCJIy npOTH)KeHHbIX JIHHeWHhlx JJ.e<t>eKTOBB AgHal OTHOCHTCH iJuc-
JlOKO/,(UU.~HCJIOKaUHHMH Ha3hIBalOT HCKIDKeHHH KPHCTaJIJIH'IeCKotl peweTKH,

npH KOTOpbIX HOHhI (HJIH aTOMhI) B HeKOTopOM 06JIaCTH peweTKH CMemeHbI

CO CBoero HOpMaJIbHOrO nOJIO)KeHHH Ha pa3JIH'IHble paccTOHHHH, B pe3YJIbTaTe

'fero pacnOJIO)KeHHe coce.nHHX 3JIeMeHTOB peweTKH Heo.nHHaKoBo H He CO-

OTBeTcTByeT HOpMaJIhHOMy. B OTJIH'IHe OT TO'le'lHbIX .ne<t>eKTOB, .llHCJIOKaUHH

./~9-.'~aBJIeHHe
O~/ .,,~.

~ ./ TIJlOCKOCTb
CKOJlb)[(eHWI

Puc.12. MOlleml KpaeBoH (a) Ii BHHTOBOH PRc.13. KPHCTaIlJl AgBr C llBOHHH-
(6) llHCJlOKaUHH B KpHCTaJIJle [I, c.26] KOBOH cTpyKTypoH

nOBepXHOCTHhIMH .llBYMepHhIMH .ne<t>eKTaMH HBJIHIOTCH HapH.llY C y)Ke pac-

CMoTpeHHhIMH nOBepXHOCTHMH KpHCTaJIJIOB rpaHHUbI COnpHKOCHOBeHHH Me)K-

.llY OT.lleJIhHhIMH KpHCTaJIJIaMH - nJIOCKOCTH .llBOwHHKOBaHHH IiJIH Me)KJJ.y OT-

~eJIbHbIMH KpIiCTaJIJIH'IeCKHMH 6JIOKaMH B M03aH'IHhIX KpIiCTaJIJIaX. ~BOHHH-

OBaHHe npH pOCTe KpHCTaJIJIOB AgHal MO)KeT 6hITh CJIYlJatlHbIM HO OHO MO)KeT
3* '



I1rpaTb, KaK MbI nOKa)((eM .llaJIbWe, OlJeHb Ba)((HYIO POJIb B pOCTe MK AgHal

He06bIlJHOH q,OPMbI. KaK npaBI1JIO, .llBOHHI1KOBaHl1e npOI1CXO.lll1T He no KY-

611lJeCKI1M rpaHHM MK, a no OKTa3.llpHlJeCKI1M, KaK 3TO nOKa3aHO Ha Pl1c. 13.
EJIOlJHaH CTPyKTYpa KpHCTaJIJIOB xapaKTepHa CKopee JlJIH KpynHblx KpH-

CTaJIJIOB AgHal, lJeM JlJIH q,OT03MYJIbCI10HHbIX MI1KpOKpI1CTaJIJIOB. n03TOMY

OHa He paCCMaTPHBaeTCH nO.llp06Hee.

§ 6. OCHOBHble TUUbI orpaHOK
MUKpOKpUCTaJIJIOBAgHal

I
I
I...•--

PRC. 14. npOCTble <t>OPMbI
113 reKca3.upa (6)

<1>opMaMH np0l13BO.llHbIMI1 OT KY6a 11OKTa3.llpa, n03TOMY y)((e He npOCTbl-

MH q,opMaMH, HBJIHIOTCH Ky600KTa3.llpbI, KOTopble nOJIyqaJOTCH 113 KY6a HJII1

113 OKTa3.llpa npH Cpe3aHHI1 BepWHH. 3TO nOKa3aH:0 Ha PI1C. 15.
CJIe.llYIOIIIeM npoCToM q,OpMOM Ky611lJeCKOH rpaHeueHTP"pOBaHHoM pe-

WeTKI1 HBJIHeTCH pOM60.llo.lleKa3.llp (Pl1c. 16, a) C 12 rpaHHMI1 (.llO.lleKa -

no-rpelJeCKI1 .llBeHa,llUaTb). OCTaJIbHblli' lJeTblpe OCH06Hbie q,OPMbI - CYTb npo-

113Bo.llH:ble teKCa3.llpa (KY6a) 11 OKTa3.llpa. OHI1 nOKa3aHbi Ha PI1C. 16, 6-iJ.

PRc.16. POM6o.uo.ueKa3.up
(a), TeTpareKca3.up (6), Tpl1-
rOHTpI10KTa3.up (6), TeTpa-
rOHTp110KTa3.up (2) 11 reKC-
OKTa3,np (a)

BHOBb BepHeMCH K nOBepXHOCTI1 MHKpOl<pI1CTaJIJIOB AgHal. 3TO He06xo-

.llI1MO no TOM npHlJHHe, lJTO, KaK y)((e yKa3bIBaJIOCb, npoueCCbI Ha nOBepXHOCTI1

MK HrpaJOT '1pe3BbIlJaMHO Ba)((HYJO POJIb B q,OpMHpOBaHi'1H q,OTorpaq,HlJeC-

KHX CBOMCTB. HeCMOTPH Ha TO, '1TO l<pHCTaJIJIH'IeCKaH peweTKa AgBr H AgCI

HBJIHeTCH Ky6I1lJeCKOM, q,opMa HJII1 orpaHKa (HJIH ra6HTYC) MI1l<pOl<pI1CTaJIJIOB

MO)((eT 6bITb CYIIIeCTBeHHO pa3JIHlJHoM. )lJrH Ky611'1ecKOH rpaHeueHTPHpo-

BaHHOM peIIIeTKH B03MO)((Hbl ceMb OCHOBHbIX q,OpM orpaHKH KpHCTaJIJIOB.

npOCTeMWHMH OCHOBHhIMH q,opMaMH S1BJISIIOTCSIKY6 H OKTa3.llp, nOKa3aHHhie

Ha pHC. 14. B l<pI1CTaJIJIorpaq,HH npl1HSlTO Ha3bIBaTb KpHCTaJIJIbI no '1HCJ1Yrpa-

HeH. [paHh no-rpe'leCKH - 3.llpa (e6pa). n03TOMY KY6 Ha3hIBaJOT reKCa3.llpOM

(6 rpaHeH). B OKTa3.llpe 8 rpaHeH. KaK BH.llHO Ha TOM )((e pHcyHKe, OKTa3.llp

JIerKO nOJ1yqaeTcH H3 Ky6a, eCJ1H COe.llHHHTh ueHTphI rpaHeM (Pl1c. 14, 6).

HIl3BaHHe TaKHX KpHCTaJIJIOB BKJ1JOlJaeT B ce6S1 Ha3BaHHe MHoroyroJIhHHKa

3J1eMeHTapHoM rpaHI1, KOJIHlJeCTBO MHoroyrOJ1bHHKOB Ha O.llHOH rpaHH q,OpMO-

06pa3YIOIIIero (MaTepHHcKoro) ~Om13.llpa H Ha3BaHHe q,opMo06pa3YIOIIIero no-

JlH3.llpa (reKCa3.llp HJ1H OKTa3.llp). Hanpl1Mep MHororpaHHHK Ha pHC. 16,6 npo-



WCXOLlHT 01' rCKCa3Llpa (Ky6a) H COLlCP)/(WT Ha KaA<L\OH rpaHH Ky6a no clCTblpe

TpcyrOJlbHHKa. TpeyroJ1bHHK no-rpe'ICCKH TpWroH (01' roHHa - yma, -ywvw),
n03TOMY nOJlHOe Ha3naHHC TpHroHTeTpareKca3Llp HJlH 13COKpameHHOIl <popMe

TeTPareKCa3.lIp (tetrahexahedral). CJleLlYlOma51 <popMa (pHC. 16, 8) - TpwrOH-

TPHOKTa3.lIP - npOH3BO.lIHaH 01' OKTa3.lIpa (WJlW COKpameHHO TpHCOKTa3LlP,

trisoctahedral). HaKoHeu, Llne OCTanUIweCH <pOPMbl Ha3bIBaIOTC5I TeTparOH-

TpnOKTa3.lIp (WJllt It KOCItTeTpa3Llp , icositetrahedral) (pHC. 16, 2) H TpHrOHreK-

COKTa3LlP HJlH reKCOKTa3.lIp (hcxoctahedral) (pHC. 16, 0). B HaCT05lmee BpeM5I

nOJlY'JeHbl BCC ceMb <pOPM orpaHOK AgBr [12]. Ha pHC. 17 nOKa3aHbi KpHCTaJI-

Jlbl AgBr, BblpameHHble 1t3 pac'mopa no MeTOLlY MaCKaCKIt [12].

LlJI51 pa3J1ItCleHHSI orpaH OK KpWCTaJIJ10B, a CJle.lIOnaTeJlbHO <pOpM KpHCTaJI-

JlOB, .llJISi Ka)f(.lloM: rpaHH BBe.lIeHa CWCTeMa HH.lIeKCOB MWJlJlepa. B 4eM CyTb

CHCTeMbl HH.lIeKCaUHH MHllJ1Cpa? I1H.lIeKCbl MItJ1Jlcpa npe,ll,CTaBJISIIOT c060Jl

BeJlH4HHbl, 06paTHO nponOpUHOHaJIbHble OTpe3KaM; OTceKaeMblM nJ10CKOCTblO

Ha OCSIX KOOp.llHHaT [13]. OCH KOOp,ll,HHaT H H3.4aJIO KOOp,ll,HHaT Bbl6HpalOT

comaCHO MC)f(.llyHapO.lIHbIM npaBl1J1aM. 3a OCH Bb16HpalOT HanpaBJICHH5I B 3JIC-

MeHTapHOM: jNeHKe (CM. pHC. 18). B npHH5ITOH CHCTeMC KoopLlHHaT nCpe,ll,HH5I

rpaHb Ky6a OTCeKaeT Ha OCH X OTpe30K, KOTOpblH npHHHMaeTC5I 3a e,ll,H-

HHIIHblM: (I), H napaJIJICJ1bHa OC5IM Y 11 Z (00). n03TOMY IlHoeKC 2pallU,

3anHCbIBaCMblM: B KpyrJ1blX CK06KaX e,ll,HHH4HbIMH OTpe3KaMH, OTceKaCMblMIt

Ha OCSIXX, Y H Z, 6Y,ll,eT (100). I1H.lIeKC 60KOBOH rpaHH Ky6a Bblpa3WTCH B BW-

,lI,e (010), a BepXHeii (001). I1H,lI,eKC rpaHH, pacceKalOmCH KY6 no ,lI,HarOHaJIH,

6yncT COOTBCTCTBeHHO (110). fp3H11, H3KJ10HCHHble KO BceM TpCM OCHM, ~e

HC ItMCIOT HyJICBblX HH.nCKCOB. fpaHb, paBHOH3KJ10HCHHa51 K TpCM OC5IM, ItMCCT

HHLlCKC (III), a 60JIec HaKJ10HCHHa51 K OCW Z (112), TaK KaK 0TPe30K, OTceKa-

CMhlH rpaHblO Ha 3TOH OCIt, paBeH n0J10BWHC eLlHHH4HOro 0TPe3Ka (pHC. 18).

LlJI5I ItH,lI,eKCaU1UI BCCX rpaHeH Ky61f4ecKoH pcweTKH UCHTp ncpeCe4eHH5I

TpCX B3aHMHO nepncH.llItKYJl5lPHb1X OceM: nOMemalOT B UCHTp MHororpaHHHKa.

fJlaBHYIO OCb I (ItJlIt X) HanpaBJl5llOT K Ha6J1lO.llaTeJl 10, BTOpylO OCb II (Y)
napaJIJlCJlbHO Ha6J1IO.llaTCJIIO H TpCThlO III (Z) nCpnCHJlItKYJ151PHO .lIByM ncpBblM

OC5IM BBCpX [14]. OCH IIMCIOT nOJTO)/(ItTCJlbHbIC H OTpHUaTCJlbHblC 3Ha4CHIt51

(I HI). DPOItJlJlIOCTpltpyeM HHJJ.CKcaUl11O weCTH rpaHetl Ha npHMcpe Ky6a

(pltc. 19). B npHH5ITOH CllCTeMe KOOp.llHHaT nepCaHH5I rpaHb Ky6a 6Y.lleT (100).

I!IH.lICKC 33.1lHCH rpaHH KY6a 6Yil,CT, COOTBCTCTBCHHO, (TOO), nepxHcit (DOl),
HH)/(HCH (001). I!IHJlCKCaWI5I Bcex WCCTIt rpaHeH Ky6a npHBCLleHa Ha pWC. 19.

I!IH.llCKCaUIt51 rpaHcH OKTa3JJ.pa nOKa3aHa Ha pltc.20. fpaHH OKTa3.llpa

OTCCKalOT C.llHHH4Hble OTpe3KH Ha BCCX Tpex OC5IX, n03TOMY HH.lleKCbl 6Y.llYT

cOJJ.cp)/(aTb TPIt e.llHHHUbl.'HanplfMep, .lInc BcpXHHe nepeaHHC rpaHIt HMelOT

HH.lleKCbl (III) H (Ill), .a HH)/(HHC (Ill) It (In), COOTI3CTCTBeHHO. He-

TPY.llHO nOKa3aTb, 41'0 HHA'tKCbl rpaHCH TPeTbeH npocToil cj)OPMbl KPWCTaJIJlOI3

AgBr - pOM60.llo.lleKa3.llpa (pHC. 16, a) 6Y.llYT cOJJ.ep)/(aTb LlBe e.llHHItUbl If HyJIb.

HanpwMep, HH.lIeKC nepe.llHCH rpaHH (liD).

PRe. 17. CeMb <jlOpM orpaHOK MHKpOKpHCTaJlJIOB AgBr [12]. I - Ky6bl, 2 - OKTa3.npbl,
3 - pOM6o.no.neKa3.npbl, 4 - TeTpareKca3.nphl, 5 - TpHrOHTpHOKTa3.npbl, 6 -
TeTparoHTpHoKTa3.npbl Ii 7 - reKCOKTa3.npbl
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PRe. 20. Y1H,neKcaUHH rpaHeH OK-
Ta3,npa

BOJIee BblCOKHe HH,lleKCbl y rpaHeii: tIeTblpex rrpOH3BO,llHbIX <pOpM - Y Te-
ypareKCa3,llpa (210), (210), (102) H T.,ll., Y TpHroHTpHoKTa3,llpa (221), (i21),

(212) H T.,ll., Y TeTpar~HTpHOKTa3,llpa (211), (211), (112) H T.,ll. H Y reKCOKTa-

3,llpa (321), (231), (321) H T.,ll. fIpHMepbl HH,lleKCaUHH rrpHBe,lleHbl Ha pHC. 16.
ECJIH )I{eJIaTeJIbHO 0603HatIHTb O,llHHM CHMBOJIOMBCIO <pOpMy KpHCTaJIJIa,

TO CHMBOJICTaBHTCR B <pHrypHble CK06KH. TaK CHMBOJI KY6a 6Y,lleT {100}. TIO,ll
3THM CHMBOJIOMrrO,llpa3YMeBaIOTCSI Bce IlIeCTb BblIlIerrpHBe,lleHHblX CHMBOJIOB.
CHMBOJIOM OKTa3,llpa 6Y,lleT {HI}, pOM60,ll0,lleKa3,llpa {1l0}, a TeTpareKca-
3,llpa {210}.

XapaKTepHblM CBOHCTBOMrpaHeH C OTJIHtIalOIlIHMHCSI 11H,lleKCaMH RBJISleT-
CR cymecTBeHHoe pa3JIH'IHe B paCCTORHHRX Me)l{,lly pSl,llaMH HOHOB H B KOJIH-
qeCTBe HOHOB Ka)I{,llOro 3HaKa Ha e,llHHHue rrOBepXHOCTH. ECJIH Ha rpaHH (100)
3TO paccTOSlHHe Me)l{,lly COCe,llHHMH pSl,llaMH HOHOB paBHO npH6JIH3HTeJIbHO

2,9 A, TO Ha rpaHH (111) OHO pa3JIH'IHO' B Pa3JIHqHbIX HanpaBJIeHHRX H yBe-

JIHqHBaeTCR ,ll0 3,5 A H 4, I A, 'ITO HJIJIIOCTpHpyeTcSI pHC. 21. )l,pymM Ba)l(HblM
pa3JIHqHeM 3THX rpaHeH SlBJIReTCR TO, 'ITO eCJIH Ha rpaHH (100) 'Iepe,llylOTcR

HOHbl Ag+ H Br-, TO Ha rpaHH (Ill) OKa3blBalOTCSI PSl.llbl JIHIlIb O,llHOHMeH-

HblX HOHOB (JIH60 Ag+, JIH60 Br-). XOTSI Ha rpaHH (011) HOHbl Ag+ H Br-
tlepe,llYIOTCSI, O,llHaKO paCCTOSlHHSI Me)l{,lly pSl.llaMH HOHOB OTJIH'IalOTCSI (HapSl.llY

C paCCTOSlHHeM 2,9 A HMeeTCR paCCTOSlHHe 4,1 A) (pHc.21). ECTecTBeHHo,
qTO 3TO onpe,lleJISIeT pa3JlHtlHe CBOHCTB nOBepXHocTeH C COOTBeTcTBylOIlIHMH
HH,lleKCaMH, B tleM MbI CMO)l{eM y6e,llHTbCSI BnOCJIe,llCTBHH.

(100)

· (100)

• 0 • 0 • - f'::' 2,887 A.·0-0 __
• •• 0 •

'_,1f~ • 0 • 0
:.- ....

4,083A
~ .

o 0 • 0 •• 0 0 0.::r:-3,536A
t-44,083 A

o ; ~ 1--2,887 A
o 0 0 0 •

o 0 0 0

t B 60nee 06meM CMblCJle cneUH<I>HlJHOCTb CBOHCTB pa3JUPIHbIX rpa-
f)IItA onpe,lleJIReTCSI aHH30TpOrrHeH KpHCTaJIJIOB B pa3JIH'IHblX HanpaBJIeHH-
n. )l.nR xapaKTepHCTHKH CBOI1CTB KpHCTaJIJIOB B pa3JIH'IHbiX HarrpaBJIeHHSlX
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B KPI1CTaJIJIOrpa¢nm BBe.lleHa CI1CTeMa I1H.lleKCaUl111 HanpaBJIeHl1it 3TI1 Ha-
npaBJIeHI1S1 COOTBeTcTBylOT HanpaBJIeHI1S1M maBHbIX OCeH: (X, Y, Z) 11 nep-
neH.lll1KYJISlPHbI rpaHSIM C Onpe.lleJIeHHbIMI1 I1H.lleKCaMI1. OHI1 0603Ha'ia1OTCSI
I1H.lleKCaMI1rpaHeH: B KBa.upaTHbIX cK06Kax. CI1MBOJIbI HanpaBJIeHI1H: nOKa3aHbI
Ha PI1C. 22.

? :..0 //. (..IJ
o • 0 ./ a L~#E[Oll)

2,9'\[ /' '" / . -. lOIO]

i-9 · 0 • AgBr,,/ (100)
. 2,oAY·

2,9A

B03bMeM rpaHb KY6a (100) 11 11306pa311M pacnOJIO:lKeHl1e 110HOB Ag+

11 Br- B nJIOCKOCTI1 3TOO rpaHI1 (pl1c.23). Ha pl1c.23 B nJIOCKOCTI1 rpaHH
(100) nOKa3aHbI HanpaBJIeHI1S1 [001], [010] 11 [011] (no.ll 45° K OCSIM [001]
11 [010]). Ih pl1CyHKa MO:lKHOJIerKO BI1.lleTb, '1TO paCCTOSlHI1S1Me:lK.llYpSl.llaMI1

110HOB B HanpaBJIeHI1S1X [001]11 [010] O.lll1HaKOBbI 11 paBHbI "oJ 2,9 A. B TO :lKe

BpeMSI B HanpaBJIeHl111 [011] 3TO paCCTOSlHl1e .llpyroe - "oJ 2,0 A. Oc06eHHo
MHoro pa3JlI1'1HbIX Me:lKHOHHbIX paCCTOSlHI1H:B peweTKe Ag2S, HanbIJleHHOro
Ha rpaHb (Ill) AgBr, '1TO nOKa3aHO Ha PI1C. 24 [15].

.
2,58A 2,84A

C
(110)

AgBr
(111)

Pac. 24. PaCCTORHRlI Me:lKUYPlI,llaMR ROHOB B Ag2S B Pa3JIR'IHbIX HarrpaBJIeHRlIX.
Ag2S OCa)I(UeHHa rpaHR (111) AgBr

§7. 30HHaB CTpyKTYPa 3JIeKTpOHHbIX
ypOBHeii pemeTKH AgHal

OnTH'IeCKHe H 3JIeKTPOHHbIe CBOOCTJ;la AgHal ueJleCOO6pa3HO paCCMO-
TPeTb B paMKaX 30HHOO TeOpl1H TBep.lloro reJIa, KOTOPaSI nepBOHa'laJIbHO 6bma
pa3pa6OTaHa.llJlSl MeTaJIJIOB, a 3aTeM pacnpOCTPaHeHa Ha KpHCTaJIJIbI nOJIynpo-
BO.llHI1KOB, K KOTOpbIM OTHOCSlTCSIKPHCTaJIJIbI AgHal. CYTb nO./lXO.lla COCTOI1T
B paCCMOTPeHl111 3JIeKTPOHHbIX ypOBHen: 1130JIHpoBaHHbix aTOMOBl1Jl11 110HOB
B nepHO.lll1'1eCKOM 3JIeKTPH'IeCKOM nOJIe, 06pa30BaHHOM peWeTKOH:. CHCTeMY
3JIeKTPOHHbIX ypOBHeH: aTOMOB Ag H Br yCJIOBHO MO:lKHOBblpa3I1Tb B BH.lle:

.llJlSlAg: lS22s22p63s23p63d104s24p64dI05sI;

.llJlSlBr: ls22s22p63s23p63d104s24p5.
TaKHM 06pa30M, y aTOMa cepe6pa HMeeTCSI 3anOJlHeHHaSi 4d-06oJlO'lKa

(4d1o) H O.llHH 3JIeKTPOH Ha 5s-ypOBHe (5sl), a y 6pOMa - 3anOJlHeHHaSi 3d-
060JlO'lKa (3d1o) H Ha 4P-YPOBHSlX nSlTb 3J1eKTPOHOB (4p5). IIPH 06pa30Bamm
MOJIeKYJIbIAgBr 5S-3JIeKTPOH Ag nepeXO.llHT Ha 4P-YPOBeHb Br C 3anOJIHeHI1eM

4p-060JIO'lKH .llO 4p6.

)lJISi O.llHHO'IHOro aTOMa (I1JlH HOHa) .llHarpaMMy nOTeHIJ,HaJIbHOO 3HeprHI1
CHCTeMbI SI.llpO-3JIeKTPOH B ynpOIlJ,eHHOM BH.lle MO:lKHOnpe.llCTaBI1Tb CJIe.llYIO-
IIJ,I1M06pa30M (Pl1c. 25). IIo OCH a6cUHcc OTJlO:lKeHOpaCCTOSlHl1e 3J1eKTPOHa
OT SI.llpa, a no OCI1 0p.llHHaT - 3HeprHSI, He06xo.llI1MaSI, '1T06bI OTopBaTb
3J1eKTPoH OT SI.llpa 11 Y.llaJIl1Tb B BaKYYM (0 - ypoBeHb 3JIeKTPOHa B BaKYY-
Me). 3HeprHSi 3JIeKTPOHOB KBaHryeTcSI, T. e. S1BJISleTCSI.llHCKpeTHOH:BeJIH'II1HOH:.
3T0 yCJIOBHO11306pa:lKeHO YPOBHSlMH, COOTBeTcTBylOIIJ,I1MH3JIeKTPOHHbIM 060-
JIO'lKaM. TaK KaK 5s-ypoBHI1 cepe6pa HaXO.llSiTCSIBblwe 4p-ypoBHeH: 6poMa,

/ 6
3JIeKTPOH C 5S-YPOBHSI nepeXO.lll1T Ha 4p-YPOBeHb, 06pa3yll 4p 3anOJIHeHHylO
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060JIoqKy HOHa Br- H HOH Ag+ co CB060.nHbIM 5s-ypOBHeM. He06xoAI1-

MO 06paTHTb BHHMaHHe, qTO 4p-3JIeKTPOHbl 6pOMa HMelOT 60JIee BbICOKyIO

3HepfHlO, qeM 4d-3JIeKTpOHbl cepe6pa (cp. pHc.25 a H 6).
ECJIH aTOMbl HJ1H HOHbl pacnOJIO)KeHbl 6JIH3KO .npyr K APYry, KaK B KpH-

CTaJIJ]HqeCKOH pellIeTKe, TO nOTeHUHaJIbHbie KpHBble coceAHHX HOHOB CJIHBa-

IOTCSI, '1TO H306pa)KeHO Ha pHC. 26. 3To 03HaqaeT, '1TO 3JIeKTPOH, YAaJIHBllIl1HCSI

Ha HeKoTopoe paCCTOSlHHe OT CBoero HOHa, nona.naeT B clPepy BJIHSlHHSI co-

ceAHero HOHa. DJIaro.napSl 3TOMy H3 5s-ypoBHeH HOHOB cepe6pa lPopMHpyeTcSI

HenpepblBHaSl CHCTeMa ypoBHeH (30Ha) C 60JIee BblCOKOH 3HeprHeH, '1eM CH-

CTeMa ypoBHeH (30Ha) 1134p-ypoBHeH Br-. nOJIoca 5s JIe)KHT TaK BbICOKO, '1TO

nepeKpbIBaeT MaKcHMyMbl nOTeHUHaJIbHblX KpHBblX (pHc.26). 3T0 03Ha'laeT,

'1TO 3JIeKTpOH, HaXOASllllHHCSI B HeH, MO)KeT 6e3 3aTPaTbi 3HepfHH nepeMe-

PaCCTOHHHe

PRe. 26. 06pa30BaHHe 3JleKTpoHHbIX 30H B peWeTKe AgBr

lllaTbCSI Me)l(J.ly HOHaMI1, 06pa3YlO1lll1MH peweTKy. B 06bl'lHOM COCTOSlHI1I1

peweTKH AgBr 3Ta nOJIOca He 3anOJIHeHa 3JIeKTPOHaMH 5s, TaK KaK Bce OHI1

npH 06pa30BaHHH AgBr nepellIJIH Ha 4P-YPOBHH 6pOMa. Ha060pOT, nOJIOca

ypOBHeH, 06pa3YlOlllaSlCSI H3 HaH60JIee BbICOKOJIe)KalllHX 3aHSlTbiX 4p-ypOBHeH

6pOMa, nOJIHOCTblO 3anOJIHeHa 3JIeKTPOHaMHOT Ag H Br. nepeXOA 3JIeKTpOHOB

113 3anOJIHeHHOH nOJIOCbl B CB060.nHYIO MO)KeT npOI1CXOAHTb npl1 .neHCTBI1I1

KBaHTa CBeTa, AOCTaTO'lHOrO JJ.J]S1nOKpbITHSI Pa3HOCTH 3HepfHI1 Me)l(J.ly 3JIeK-

TPOHHbIMH 30HaMI1. 3JIeKTPOHbl, nonaBWHe B 5s-noJIocy, JIerKO ABH)KYTCSI nOA

BJIHSlHHeM He3Ha'lHTeJIbHoro BHeWHero 3JIeKTPH'IeCKOrO nOJISI, 06yCJIOBJIHBaSl

reM rjJomonpo8oiJUMocmb AgBr. n03TOMY He3anOJIHeHHaSi nOJIOca I1JIH 30Ha

Ha3bIBaeTCSI 30HOU (nOJIOCOH) npo8oiJUMocmu. 3anOJIHeHHaSI 30Ha Ha3bIBaeTCSI

TaK)Ke 8aJ1eHmHOU 30HOU [9, c. 82]. 30Ha npOBo.nHMOCTH OTAeJIeHa OT BaJIeHTHOH

30Hbl 06JIaCTbIO 3anpellleHHbiX 3HepreTH'IeCKHX COCTOSlHHH, TaK Ha3bIBaeMOH

3anpeUJ,eHHou 30HOU. B CJIyqae He60JIbWOH WHpHHbl 3anpellleHHoH 30Hbl '1aCTb

3JIeKTPOHOB MO)KeT TepMHqeCKIi B036Y)l(J.laTbC$I H nepeXOAHTb B 30Hy npOBO-

AHMOCTH. TaKoe BellleCTBO Ha3blBaeTC$I nOJIynpOBo.nHHI\OM. AgBr OTHOCHTCSI

K '1HCJIy TaK Ha3blBaeMbiX WHPOK030HHblX nOJIynpoBo.nHHKOB, TaK KaK ero

WHpHHa 3anpellleHHoH 30Hbl, paBHaSi 2,6 3B, npaKTHqeCKH HCKJIIO'IaeT Tep-

MH'IeCKHH nepeHOC 3JIeKTPOHOB. B CJIyqae AgHal ocB060)l(J.leHHe 3JIeKTPOHOB

B03MO)KHO TOJIbKO nOA BJIH$lHlieM BHeWHHX B03AeHcTBHH - nOfJIOllleHHSI

CBeTa, .neHcTBHSI HOHH3HPYlOilUl.X H3J1yqeHHH H T. n.

-r3~----- --
EB3] A_}3II

6 -e-e- IIY
M--EF

------B3

B JIHTepaTYpe pacnpocTPaHeH 60JIee npOCToH BapHaHT npe.ncTaBJIeHHSI

ypoBHeH B 30HHOH MOAeJIH, npHBeAeHHblH Ha pHc.27. B llIKaJIe 3HeprHH

(3B) nOKa3bIBalOT HH)KHHH ypOBeHb 30Hbl npOBOAHMOCTH (AHO 30Hbl npOBO-

JJ.HMOCTl1) H BepxHHH ypOBeHb BaJIeHTHOH 30Hbl (noTOJIOK BaJIeHTHOH 30Hbl)

OTHOCHTeJIbHO HyJIeBOrO YPOBHSI - ypOBHSI 3JIeKTPOHa B BaKyyMe. 3TH ypOB-

HH 0603Ha'lalOT KaK 3n (liJIH CB - conduction band, aHfJI.) Ii B3 (VB -

valence band). 3anpellleHHaSI 30Ha (forbidden band) paBHa paCCTOSlHHIO Me)l(J.ly

30 H B3. ,llnSi AgBr npH KOMHaTHOH TeMnepaTYPe 3HepfHSI .nHa 3n (E3n)



oueHHBaeTCSI paBHoi% -3,3 3B, 3HeprHSi nOTOJIKa B3 (EB3) -5,9 3B, a mH-

pHHa 3anpemeHHoi% 30HhI AE = 2,6 3B [9, c.93]. ,llrrSi AgCI BeJIH'IHHhI

E3n = -3,4 3B, EB3 = -6,5 3B H AE = 3,1 3B [9, c. 93].

3HeprHIO 3JIeKTPOHOB B nOJIynpOBO,ll,HHKe xapaKTepH3YIOT TaIOKe C nOMO-

mhIO YPOBHSI <l>epMH (EF). YpoBeHh <I>epMH ,lI,JISiAgBr paBeH EF = -4,75 3B

(pHC. 27). YpoBeHh <l>epMH npe,ll,CTaBJISIeT C060H MaKCHMaJIbHYIO 3HeprHIO (KH-

HeTH'IeCKYIO) 3JIeKTPoHa B CJIyqae, KOr,ll,a TBep,ll,Oe TeJIO HaXO,ll,HTCSIB OCHOBHOM

COCTOSlHHH, T. e. KOr,ll,a Bce 3JIeKTPOHhI HaXO,ll,SlTCSIB HaHHH3mHX B03MO)KHbIX

0,ll,H03JIeKTPOHHhIx COCTOSlHHSlX, ,lI,onYCTHMhIX npHHUHnoM IIayJIH.

IIpH OnTH'IeCKOM HJIH HHOM B036y)l(,ll,eHHH nOCJIe nepeHoca 3JIeKTPoHa

H3 B3 B 3II B BaJIeHTHOH 30He OCTaeTCSI BaKaHTHoe COCTOSlHHe, KOTopoe 060-

3Ha'laIOT B BH,lI,e nOJIO)KHTeJIbHOH OblPlCU (p +, hole, aHrJI.). )l;hlpKa Be,ll,eT ce6S1

KaK nOJIO)KHTeJIhHO 3apSl)KeHHaSI 'IaCTHua C MaccoH, onpe,ll,eJISleMOH CBOHCTBa-

MH BaJIeHTHOH 30HhI. )l;hIPKH TaIOKe BHOCSIT BKJIa,lI, B <poTonpOBO,ll,HMOCTb.

B 3anpemeHHoH 30He AgHal MOryT C03,l1,aBaThCSI JIOKaJIbHhle YPOBHH,

KOTophle MOryr 3ax.BltrhIBaTh JIH60 3JIeKTPoHhI (BaKaHTHhle, 3JIeKTPOHoaK-

uenTopHhle ypoBHH A), JIH60 ,lI,hIpKH (3anOJIHeHHhle, ,lI,blpO'lHOaKUemopHble

ypOBHH B), a TaIOKe CJIy)KHTh ueHTPaMH peKoM6HHaUHH 3JIeKTPOHOB H ,lI,blpOK

(e- H p+, B ,lI,aJIhHei%meM .1I,JUInpocTOThl 0603Ha'iaeMbiX e H p) (pHC. 27). 3TH

YPOBHH, Ha3hlBaeMble npHMeCHhIMH (IIY), KaK npaBHJIO, C03,l1,aIOTCH npH-

MeCSlMH, JIH60 ,lI,e<peKTaMH KPHCTaJIJIH'IeCKOH pemeTKH. ECJIH TaKHe ypOBHH

pacnOJIO)KeHhl Ha nOBepXHOCTH KpHCTaJIJIa AgHal, TO OHH Ha3bIBaIOTCSI no-
8epXHOCmHblMU YPOBHSlMH. IIOBepXHOCTHble ypOBHH (KPOMe nOBepXHOCTHbIX

,lI,e<peKToB) MOryr C03,l1,aBaThCSIa,lI,COp6HpOBaHHhIMH Ha nOBepXHOCTH KpHCTaJI-

JIa AgHal HOHaMH HJIH MOJIeKYJIaMH.

Y)Ke OTMe'laJIOCb, 'ITO 3JIeKTPOHhi H ,lI,blPKH, 06pa3YIOmHecSI B AgHal,

MOryr ,lI,BHraThCSI B 3JIeKTPH'IeCKOM nOJIe, 06yCJIaBJIHBaSI TeM caMhIM 3JIeK-

TPOHHYIO npOBO,ll,HMOCTh. Cpe,ll,HHSI CKOpOCTh ,lI,BH)KeHHSI - ,lI,pei%<pa HOCHTe-

JIeH 3apSl,ll,a - npH e,ll,HHH'IHOH HanpH)KeHHOCTH nOJISI Ha3bIBaeTCSI opeuq;o8ou

nO,ll,BH)KHOCTbIO. )l;peH<pOBaSI nO,ll,BH)KHOCTb onpe,ll,eJISleTCSI 'IHCJIOM H rJIy6HHOH

JIOBymeK,lI,JISI 3JIeKTPOHOB HJIH ,lI,blpOK. JIoBymKH, C03,l1,aBaeMble npHMeCHbIMH

HJIH noaepXHOCTHhIMH YPOBHSlMH, 06bl'lHO COKpamaIOT npo6er HOCHTeJIeH

3apSl,ll,a. CJIe,ll,yeT pa3JIH'IaTb rJIy60KHe H MeJIKHe JIOBymKH. MeJIKHe JIOBymKH

3aXBaThIBaIOT HOCHTeJIH Ha BpeMeHa, MaJIble B cpaBHeHHH C HHTepecyIOmHMH

Hac npoueccaMH, a fJIy60KHe - Ha BpeMeHa, npeBhlmaIOmHe ,lI,JIHTeJIbHOCTb

H3yqaeMoro SlBJIeHHSI. TaKoe onpe,ll,eJIeHHe, eCTeCTBeHHO, 3aBHCHT OT H3yqa-

eMoronpouecca. BpeMH 3aXBaTa TaIOKe 3aBHCHT OT TeMnepaTYPbI T. Cpe,ll,-

HHi% npOMe)KyTOK BpeMeHH Me)l(,ll,y 06pa30BaHHeM HOCHTeJISI H 3axBaTOM ero

Ha rny60KoH JIOBymKe Ha3bIBaeTCSI 8peMeHeM JlCU3HU HocumenR H 3aBHCHT

OT CTPYKTYPbl KPHCTaJIJIa H T.
KpOMe ,lI,peH<poBOH nO,ll,BH)KHOCTH cymecTByeT MHKpOCKOnH'IeCKaSl no-

,lI,BH)KHOCTh B H,lI,eaJIbHOH pemeTKe. TaK KaK ee onpe,ll,eJISlIOT no H3MepeHHSlM

3$<peKTa XOJIJIa, TO ee Ha3bIBaIOT XOJlA08ClCOU nO,ll,BH)KHOCTbIO. ECTeCTBeH-

1ll6JJHna 2. .upeH<poBble rrOJlBH:lKHOCTHJlod 3JIeKTpOHHbIX HOCHTeJIeH B AgHal rrpH

KOMHaTHOH TeMrrepaTYpe (CM2 . B-1. c-1) [3, c. 391]

HOCHTeJlb 3apll)la Llpeit(j>oBall nO)lBHlKHOCTb

AgBr Agel

3J1eKTPOH 60 50
LlblpKa I \0-2

HO, 'ITO XOJIJIOBCKaSI nO,ll,BH)KHOCTb CymecTBeHHO npeBOCXO,ll,HT ,lI,peH<pOBYIO

B peaJIbHblX KpHCTaJIJIax.

He06xo,ll,HMO OTMeTHTh, 'ITO nO,ll,BH)KHOCTH 3JIeKTPOHOB H ,lI,blpOK cyme-

CTBeHHO pa3JIH'IaIOTCSI. HanpHMep, ,lI,peH<p0BhIe nO,ll,BH)KHOCTH 3JIeKTPOHOB

H ,lI,blpOK B MOHOKpHCTaJIJIax AgBr H AgCI npHBe,ll,eHbI B Ta6JI.2 [3, c.391].

M3 Ta6JIHUbI CJIe,ll,yeT, 'ITO nO,ll,BH)KHOCTb 3JIeKTPOHa cymecTBeHHO npeBOCXO-

,lI,HT nO,ll,BH)KHOCTh ,lI,hlpOK, oco6eHHO B CJIyqae AgCl (B 60 pa3,l1,JISI AgBr H 5000

pa3 ,lI,JISIAgCl). M3MepeHHSI ,lI,JISI3MYJIbCHOHHbiX KPHCTaJIJIOB AgBr npHBeJIH

K 3Ha'leHHHM JLe = 0,2 CM
2
/B·c H JLp = 10-3 CM2/B·c, 'ITO cymecTBeHHO MeHb-

me ,lI,peH<p0BhlX nO,ll,BH)KHOCTeH 3JIeKTPOHOB H ,lI,hlpOK B KpynHhlx KPHCTaJIJIax

AgBr [9, c.152]. MaJIhle BeJIH'IHHhI JLe H JLp B 3MYJIbCHOHHbiX KPHCTaJIJIax

B 3Ha'lHTeJIbHOH CTeneHH onpe,ll,eJISlIOTCSI -MaJIhIMH pa3MepaMH KpHCTaJIJIOB

H, CJIe,ll,OBaTeJIbHO, 60JIbmOH POJIhIO ,lI,ByMepHbiX ,lI,e<peKTOB - nOBepXHOCTH,

a TaIOKe HaJIH'IHeM Ha HX nOBepXHOCTH aKUenTopoB 3JIeKTPOHOB H ,lI,hlpOK.

§ 8. IIOfJIomeHHe CBeTa raJIOreHH,ZJ;aMHcepe6pa
KPHCTaJIJIbl raJIOreHH,lI,OB cepe6pa xapaKTepH3YIOTCSI mHpOKHMH nOJIoca-

MH nOfJIOmeHHSI, npOCTHpaIOmHMHCH OT CHHe-<pHOJIeTOBOH 06JIaCTH cneKTPa

B Y<I>-06JIaCTh. ,llrrHHHOBOJIHOBaSI rpaHHua 3THX nOJIOC npH KOMHaTHoi% TeM-

nepaTYPe pacnOJIO)KeHa OKOJIO 430 HM ,lI,JISIAgCI, 500 HM ,lI,JISIAgBr H 540 HM

,lI,JISIAgI. BBe,ll,eHHe AgBr B AgCI H AgI B AgBr y,ll,JIHHHeT KpaH nOrJIOmeHHSI

KPHCTaJIJIOB (pHc.28).

OnTH'IecKoe nOrJIOmeHHe AgHal HaXO,ll,HT 06bSlcHeHHe B paMKax 30HHOH

'reOpHH 3JIeKTPOHHhiX ypoBHeH. IIpH npSlMbIX nepeXO,ll,ax 3JIeKTPOHOB H3 B3

B 3II no,ll, ,lI,ei%cTBHeM nOrJIOmaeMbIX KBaHTOB CBeTa (hv) Ha6JIIO,lI,aeTCSI 3Ha'lH-

'reJIhHoe nOfJIOmeHHe C K03<P<PHUHeHTaMH nOrJIOllleHHH a > 104 CM-I. KpOMe

npSlMbIX (HJIH BepTHKaJIbHbIX) Me)K30HHbIX nepexO,ll,OB 3JIeKTPOHoB B03MO)KHbI

Taae IienpSlMhle nepeXO,ll,bI no MexaHH3My C yqacTHeM KOJIe6aHHi% pemeT-

KH KPHCTaJIJIa. He,ll,OCTaTOK 3HeprHH KBaHTa BOCnOJIHSleTCSI KOJIe6aTeJIbHOH

3lieprnei%. KBaHThl KOJIe6aHHi% pemeTKH, Ha3bIBaeMbie q;OHOHaMU, norJIOma-

~S1 O,ll,HOBpeMeHHo C nOrJIOmeHHeM H3JIyqeHHSI. TaKHe nepexO,ll,hI SlBJIHIOTCSI

'1llCn!'IHO 3anpemeHHblMH (H3-3a H3MeHeHHSI MOMeHTa) H npHBO,ll,SlT K no-

~eHHIO cJIa60ro KPaeBOro nOfJIOmeHHSI TBep,ll,hIX TeJI, npH'IeM nOKa3aTeJIH

nOfJIOmeHHSI B 3TO}l: 06JIaCTH CHJIbHO 3aBHCSlT OT T.
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>Uc.28. CrreKTpbl rrOrJIOmeHHH 'lHCTbIX H CMewaHHblX KpHCTllJIJIOBAgHal rrpH 293 K
1, c.44]; 1 - 'lHCTbIH AgCl, 2 - 'lHCTbIH AgBr, 3 - AgO C \0 MOJl.% AgBr, 4 -
\gBr C 3 MOJJ.%AgI

ECJIH npHHRTb llIHPHHY 3anpelUeHHoH 30Hbl AgBr /i.E = 2,64 3B, TO

q>aH cneKTPa npH npRMbIX nepexoilax ilOJDKeH COOTBeTCTBOBaTb '" 470 HM

),24 = E (3B) . ..\ (MKM)), a JJ)lR AgCI - /i.E = 3,1 3B H ..\ ~ 400 HM. KaK

;JIeilyeT H3 pHc.28, yJJ)lHHeHHe KPaR nOrJIOlUeHHJI Ha '" 30 HM 06yCJIOBJIeHO

{'IaCTMeM $OHOHOB.

B raJIOreHH)lax cepe6pa HapRilY C MeX<30HHbIMH nepeXOilaMH, npHBO-

~RlUHMH K nOJIHoMy pa3ileJIeHHIO 3apRilOB MeX<ilY 3JIeKTPOHaMH H ilbIpKa-

\.fH, Ha6JIIOilaeTCR TaK Ha3bIBaeMOe 3KcumOHHoe B036YX<ileHHe. 3KcumoHoM
fIa3bIBaeTCH MeCTHoe B036YX<ileHHe KpHCTaJIJIH'leCKOH peweTKH, cnoc06Hoe

tlepeilBHraTbcR BHYTPH Hee. MHorila ero Ha3bIBaIOT BOJIHOH B036YX<ileHHJI.

rIoHRTHe 3KCHTOHa 6bIJIO BBeileHO B $H3HKY TBepiloro TeJIa H. M. <I>peHKeJIeM.

rIo npeilCTaBJIeHHJlM <I>peHKemI 3KCHTOH npeilCTaBJIReT C060H CBR3aHHyIO

napy «3JIeKTPOH-ilbIpKa,>, HaXOilRlUHXCR Ha paCCTORHHH HeCKOJIbKHX no-

CTOJlHHbIX peweTKH. TaK KaK B 3KCHTOHe 3JIeKTPOH H ilbIpKa CBR3aHbI, TO

npH nepeilBHX<eHHH 3KCHTOHa He Ha6JIIOilaeTCR nOJlBJIeHHe 3JIeKTPonpOBOil-

HOCTH. 3KCHTOHHoe nOrJIOlUeHHe TaKX<e HaXOilHTCJI Ha KpaIO OCHOBHOro (HJIH

tVyi-i)laMeHTaJIbHoro) nOrJIOlUeHHJI AgHal H XopOWO BbIileJIJleTCR (C TOHKOH

CTPYKTYPOH) npH HH3KHX TeMnepaTYPax [9, c. 96J. TaKHM 06Pa30M, nOrJIOlUe-

HHe CBeTa Ha KpaIO cneKTPa nOrJIOweHHJI AgHal MoX<eT conpoBOX<ilaTbCJI KaK

pa3ileJIeHHeM 3apMOB MeX<ilY B3 H 3n, TaK H B03HHKHOBeHHeM CBJl3aHHbIX

3apRilOB - 3KCHTOHOB. OUlTaeTCR [I, c. 441, '1TO 06JIaCTb CHJIbHOrO no-

rJIOlUeHHJI (a ~ 104 CM-I) (pHc.28) 06YCJIOBJIeHa rrpHMblMH 3JIeKTPOHHbIMH

nepeXOilaMH H 3KCHTOHaMH, a 06JIaCTb cJIa60ro nOrJIOmeHHR (a < 104
CM-I)

06YCJIOBJIeHa HenpJlMblMH nepeXOilaMH C y'laCTJofeM $OHOHOB.

npH KOHueHTPaUHHX '" 10-4 MOJI.% MHome npHMeCJoI C03ilaIOT ypOB-

HH B 3anpemeHHOH 30He JoIpe3KO H3MeHRIOT OnTH'IeCKHe, 3JIeKTpH'IeCKHe

H HOHHbIe CBOHCTBa KpHCTaJIJIOB. OnTH'IeCKOe nOrJIOmeHJoIe MHomx npHMe-

ceH npOJlBJIJleTCJI B BHile XBOCTa 06JIaCTJoI $YHilaMeHTMbHoro nOrJIOmeHHR

AgHal (pHc.29, a) [I, c.471. 8 TaKHX CJIy'laJlX B03MOX<HbI nepeXOilbI 3JIeKTPO-

HOB C npHMeCHblX ueHTpOB B 3n HJIH H3 83 Ha npHMeCHble ueHTpbI COrJIaCHO

cxeMe (pHC. 29, 6).
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PRc.29. CrreKTpbl rrOrJIOmeHJoIHAgBr C rrpHMeCHMH, rrpH KOMHaTHOHTeMrrepaType (a)
H cxeMa CrreKTpaJIbHbIX rrepeXO,llOBC yqaCTHeM ypoBHeH rrpHMeceH (6). KOHueHTpauJoIH
rrpHMeceH '" 1019 HOHOB/CM3 [1, c.48]

§ 9. 3J1eKTpOHHO-,llbIpOQHbIe npou.eCCbI
npH ,lleHCTBHH CBeTa

Yx<e ynoMHHaJIOCb, '1TO npH ileHCTBJoIH CBeTa Ha AgHal 06pa3YIOTCR $0-

T03JIeKTPOHbi (e) H $OTOilblpKH (P), a TaKX<e 3KCJoITOHbI. OCB060X<)leHHe

$OT03JIeKTPOHOB npHBOilJoIT K BHYTPeHHeMy rjJom03rjJrjJeKmy, COnpOBOX<)laIO-

meMycR H3MeHeHHeM npOBOilHMOCTH H nORBJIeHHIO $oTo-3)lC. CB060ilHbie

3JIeKTPOHbi (n) nepeMemalOTCR no 3n, T. e. no 5S-COCTORHJoIRM HOHOB ce-

pe6pa. npH YilaJIeHHH BHeIlIHHX 3JIeKTPOHOB B Y3JIax peweTKH OCTalOTCH aTO-

Mhl raJIOreHa - nOJIOX<HTeJIbHble ilblpKH (p), KOTopble nepeMemaIOTCR nYTeM

3CTa$eTHoro ilBHx<eHHH 3JIeKTPOHOB C HOHOB rMoreHa Ha coceilHHe ilblpKH

no 3p-COCTORHHRM JJ)lR AgCI H 4p-COCTORHHRM JJ)lR Ag8r (eCJIH He Y'lJoITbIBaTb

'1aCTH'IHOrO nepeKpbIBaHHR 3JIeKTPOHHbIX 060JIO'leK). qJoICJIO 06pa3ylOmHxcH



no.ll; .lI;eHCTBHeM CBeTa B 1 CeKYH.lI;Y nap «3J1eKTPoH - .lI;blpKa» paBHo npOH3Be-

.lI;eHHIO Nr:orJl • "I, r.ll;e NnorJl - '{HCJlO nOrJIoruaeMbIX B 1 C q,OTOHOB, "I -
KBaHTOBbIH BbIXO.ll; q,oT03q,q,eKTa, T. e. oTHorueHHe '{HCJla oCB060)l(.ll;aeMbIX

3J1eKTPoHoB K '{HCJlY nOrJIorueHHbIX q,OTOHOB. ECJlH HHTeHCHBHOCTb na,nalO-

ruero CBeTa COCTaBmleT 103pr' CM-2 . C-I, a K03q,q,HUHeHT 0TPlUKeH,JUI R, TO

HHTeHCHBHOCTb BXO,LVlruero B KpHCTaJIJI CBeTa paBHa 10(1-R) H B COOTBeTCTBHH

C 3aKOHOM Eyrepa HHTeHCHBHOCTb CBeTa, .lI;OXO,LVlruero .lI;O3a,nHeH nOBepXHOCTH

KpHCTaJIJIa, paBHa 10(1-R)e-ad
, r.ll;e a - nOKa3aTeJIb nOrJIorueHH»H d - TOJl-

ruHHa KPHCTaJIJIa. 3HeprH», norJloruaeMaH KpHCTaJIJIOM, .lI;eJleHHaH Ha 3HeprHIO

q,oToHa, eCTb '{HCJlO nOrJIoruaeMbIX q,OTOHOB NnorJl, CJle.ll;OBareJlbHO,

N, _ 10(1- R)(1 - e-ad)
norJl - hll

H qHCJlO CB060.ll;HbIX 3J1eKTPOHOB, oCB060)l(.ll;aeMbIX B 1 c,

_ N _ 10(1 - R)(1 - e-ad)
n - norJl' "I - hll . "I [9, c. 118].

CB060.ll;HbIe 3J1eKTPOHbI H .lI;blpKH 3aXBaTbIBalOTCH Pa3JlH'{HbIMH Hapy-

llIeHHHMH pellIeTKH, HOHaMH H aTOMaMH npHMeceH, a TaIOKe qaCTHuaMH

npHMeceH. 3TH ueHTPbI 3axBaTa 3J1eKTPOHoB H .lI;bIpOK C03.l1;a1OT, KaK yX<:e OT-

MeqaJIOCb, B 3anperueHHoH 30He JlOKaJIbHble ypOBHH Ha pa3HOM paCCTO»HHH

QT. H~eH rpaHHUbI 3II HJlH BepXHeH rpaHHUbI B3 (pHC. 27). ,lI,.rr» OCB060-

)l(.lI;eHH» 3aXBaqeHHbIX 3J1eKTpOHOB H .lI;bIPOK C pa3HbIX ueHTPOB 06paTHo B 3II

HlIH B3 TPe6yeTcH pa3J1HqHaH 3HeprH» aKTHBaUHH IlE. ECJlH IlE HeBeJlHKa

nOPMKa 9HeprHH TenJlOBoro .lI;BHX<:eHHHkT, TO 3J1eKTPOHbI H .lI;bIpKH KOPOTK~

BpeMH npOBO,LVlT Ha ueHTPax noro THna H 6bICTPO TepMH'leCKH nepeBO,LVlTCH

B 3II HlIH COOTBeTCTBeHHO B B3. BpeMH X<:H3HH (1') 3J1eKTPOHa B JlOBYllIKe

rJIy6HHOH IlE no.ll; 3II onpe.ll;emleTC» COOTHOllIeHHeM IlE = In liT . kT r.ll;e

II i2 qaCTOTa KOJle6aHHH 3J1eKTPOHa B JlOByllIKe, npH6J1H3HTeJlbHO pa~HaH

10 )1)1» 3J1eKTPoHa, 3aXBaqeHHoro B KPHCTaJIJle. Ha pHC. 30 .lI;aHa oueHKa l'

B 3aBHCHMOCTH OT rJIy6HHbI JlOBYllIKH IlE )I)1H 3J1eKTPOHOB. AHaJIOrHqHaH

KapTHHa Ha6J1IO.lI;aeTCH )I)1H .lI;bIPOK, npaB.lI;a C .lI;PYrHM qaCTOTHbIM q,aKTOpOM II

('" 10
14). ECJlH X<:e IlE ~ kT, TO npe)l(.ll;e, qeM 3J1eKTPOH 6Y.ll;eT repMHqe-

CKH ocB060)l(.ll;eH, OH MoX<:eT 6bITb BOBJIeqeH B .lI;pYrHe npoueCCbI: K HeMy

MoX<:eT nO.ll;OHTH .lI;bIpKa H npOH30H,neT peKOM6HHaUHH 3J1eKTPOHa C .lI;bIPKOH:,

HJlH K HeMy npHCOe.ll;HHHTCH HOH cepe6pa, B TOM qHCJle MeXY3eJlbHbIH Agt,

C 06pa30BaHHeM aTOMa cepe6pa. B03MOX<:HO TaKX<:e, qTO CB060.ll;HbIA: 3J1eKTPOH

6Y.ll;eT 3axBaqeH ueHTPOM, Ha KOTOpOM paHee 6bma JlOKaJIH30BaHa .lI;bIPKa, 'ITa

TaKX<:e npHBe.ll;eT K peKOM6HHaUHH 3J1eKTPOHa C .lI;blPKOH. TaKHM 06pa30M,

peKOM6HHaUH» Ha rJIy60KHX ueHTPax MoX<:eT npOHCXO.ll;HTb B pe3YJlbTare KaK

3aXBaTa CB060.ll;HbIX .lI;bIpOK JlOKaJIH30BaHHbIMH 3J1eKTPOHaMH, TaK H 3axBaTa

CB060.ll;HbIX 9J1eKTPOHOB JlOKaJIH30BaHHbIMH .lI;blpKaMH. CJle.ll;yeT OTMeTHTb, qTO

K JlOKaJIH30BaHHOH .lI;blpKe MoX<:eT .lI;O 3axBaTa 9J1eKTPOHa nO.lloA:TH BaKaHCHH

HOHa cepe6pa C 06pa30BaHHeM KOMnJleKCa [p' Ago]. C 06pa30BaHHeM Ta-

KHX KOMnJleKCOB CBH3bIBalOT MeHbllIYIO nO.ll;BHX<:HOCTb .lI;blPOK no cpaBHeHHIO

C 3J1eKTPOHaMH (no MaJIHHOBCKOMY) [1, c. 127].
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Pite.30. 3aBHcHMoCTb BpeMeHH )l(H3HH
::meKTpoHOB (T) B JlOByuIKax rrpH KOMHaT-
HOti TeMrrepa1)'pe OT my6HHbi JlOByuIeK
3J1eKTpoHOB (~E) B 3arrpemeHHoti 30He
AgBr

BpeMH npe6bIBaHH» 9J1eKTPoHa B 30He npOBO.ll;HMOCTH, CqHTaH OT MOMeH-

Ta ero oCBo60)l(.ll;eHHH .lI;O 3aXBaTa rJly60KoA: JlOBYllIKOA: HJlH peKoM6HHaUHH

C .lI;blpKOA: Ha ueHTPe peKoM6HHauHH, Ha3bIBaeTCH 8peMe1teM JlCU31tU 3AeKmpo-

1ta Te. AHaJIOrHqHO )I)1H .lI;bIpKH Tp• EcTecTBeHHo, qTO Te (H Tp) cyruecTBeHHo

3aBHCHT OT .lI;eq,eKTHOCTH KpHCTaJIJIOB H HaJIHqHH B HHX npHMeceH. B AgBr

KpHCTaJIJIax Te = 10-5_10-8 C [9, c.142], Tp = 10-
5
-10-

6
C [9, c.147]. B MH-

KpOKPHCTaJIJlaX AgBr 9TO BpeMH 3aBHCHT OT pa3Mepa, orpaHKH MK H HaJIHqHH

npHMeceH Ha nOBepXHOCTH MK.
IIepeMerueHHe q,oT09J1eKTPOHOB H nOJlOX<:HTeJlbHbIX .lI;bIPOK 6bmo 9Kcne-

pHMeHTaJIbHO nOKa3aHO B KPHCTaJIJIax AgBr q,OTorpaq,HqeCKHX CJlOeB [15].

C 3TOA: ueJlblO 9MYJlbCHOHHbIe KPHCTaJIJIbI AgBr KPaTKoBpeMeHHo 3aCBeqHBa-

JlHCb npH O.ll;HOBpeMeHHoM HaJIoX<:eHHH HMnyJlbcHoro 9J1eKTPHqeCKoro nOJl».

KaK nOKa3aJIH CHHMKH KPHCTaJIJIOB, nOJlyqeHHble Ha 3J1eKTPOHHOM MHKPO-

CKone, nocJle 3aCBeTKH KPHCTaJIJIOB B 3J1eKTPHqeCKOM nOJle qaCTHUbI cepe6pa

BbI.lI;eJlHJIHCb rJlaBHbIM 06pa30M B TOH qaCTH KpHCTaJIJIa, KY.lla nepeMerua-

JlHCb q,oT09J1eKTPOHbI B 3J1eKTPHqeCKOM nOJle (pHC. 31). C npoTHBOnOJlOX<:HOH

CTOpOHbI KPHCTaJIJIa, T. e. no HanpaBJIeHHIO nOJlH E, nOHBHJlHCb CJle.ll;bI Bbl.lle-

JleHHH .lI;blPOK (aTOMoB 6poMa) B BH.lI;e nOTeMHeHHH Ha x<:eJlaTHHe B pe3YJIbTaTe

CBH3bIBaHHH 6poMa X<:eJIaTHHoH. Ha H306plUKeHHHx KPHCTaJIJlOB, 3aCBeqeHHbIX

6e3 nOJlH, q,oTorpaq,HqeCKOe cepe6po BbmeJlHJIOCb paBHoMepHo no BceMy

KpHCTaJIJIy H nOTeMHeHHe C O.ll;HOH CTOpOHbI 3a CqeT 6pOMa He Ha6J1IO.lI;aJIOCb.

IIPH ocBerueHHH KpHCTaJIJIa AgHal OCB060)l(.ll;alOruHecH 3JIeKTPOHbI H .lI;bIp-

KH .lI;Hq,q,YH.lI;HPYIOT B MeHee oCBerueHHylO (HJIH HeocBerueHHYIO) qaCTb KpH-

CTaJIJIa, qTO npHBO.ll;HT K B03HHKHOBeHHIO pa3HOCTH nOreHUHaJIOB - q,OTO-

3,ll.C. Pe'{b H.lI;eT 0 TaK Ha3bIBaeMOM 9q,q,eKTe ,ll.eM6epa. TaK KaK nOJJ,BHX<:-

HOCTb 3JleKTPOHOB J.Le cyruecTBeHHO npeBOCXO.ll;HT nO.ll;BHX<:HOCTb .lI;blpOK J.Lp,

TO Ha OCBeruaeMOH nOBepXHOCTH B03HHKaeT nOJlOX<:HTeJlbHbIH 3apM 3a CqeT

.lI;peHq,a 3J1eKTPOHOB BrJIy6b MK (pHC. 32).



PRc.31. 3JIeKTpOHHaH $OTorpa$HJI 3MyJIbCHOHHoro KpHCTaJIJIaAgBr rrOCJIeO,llHOBpe-
MeHHoro ,lleHCTBHJIHMrryJIbCOBCBeTaH 3JIeKTpHQeCKoro rroJIJI (QaCTHqHOerrpOJlBJIeHHe)

PaC. 32. CxeMa B03HHKHOBeHHJI$OTO-
3)J;C rrpH OCBellleHHH AgBr (3$$eKT
)J;eM6epa)

OpoueCCbI peKOM6lfHaUIflf 3JIeKTPoHOB If llblpOK B KplfCTaJIJIaX AgHal

MOryT npolfcxollHTb KaK 6e3 1f3JIyqeHlui CBeTa (6e3lf3JIY'.JaTeJIbHaH peKOM61f-

HaUlfH), TaK If C lf3JIyqeHlfeM (lf3JIyqaTeJIbHaH peKOM6lfHaUlfH). B nOCJIellHeM

cJIyqae Ha6JIIOllaeTCH JIIOMlfHeCueHUlfH, KOTopaH HOClfT 6lfMOJIeKYJIHpHblH xa-

paKTep, B OTJIIf'llfe OT MOHOMOJIeKYAApHOH JIIOMlfHeCueHUlflf, nplf KOTOpOH

He npOlfCXOlllfT pa311eJIeHlfH ::lJIeKTpOHOB H llblpOK, a If MeeT MeCTO TOJIbKO

B036YJKlleHlfe 3JIeKTPOHOB H If X 06paTHblH nepeXOll B IfCXOllHoe COCTOHHHe

B npelleJIax aTOMa IfJIH 1f0Ha. Pa3JIH'IaIOT llBa MexaHH3Ma JIIOMlfHeCueHUlf1f -

MexaHlf3M lIIeHa-KrraceHca If MexaHlf3M JhM6a-KrrlfKa. OHH HJIJIIOCTPIf-

PYIOTCH cxeMOH (plfc.33). vI3JIyqeHlfe OllHlfX nOJIOC CBe'leHHH B03HHKaeT

B pe3YJIbTare peKOM6lfHaUIflf KBa3lfCB06011HbIX 3JIeKTPOHoB C JIOKaJIlf30BaH-

HblMH llbIpKaMIf (MexaHlf3M lIIeHa-KrraceHca), llpyrlfx - nplf peKoM6HHa-

UHIf KBa3lfCB06011HbIX llblpOK C JIOKaJIlf30BaHHbIMH 3JIeKTPOHaMIf (MexaHH3M

JI3M6a- KrrlfKa) [17]. B faJIOreHlfllax cepe6pa JIIOMHHeCueHUHH Ha6JIIOllaeTCH

TOJIbKO npH nOHIf:>KeHHbIX TeMnepaTYPax. B036YJKlleHlfe AgHal OCYIUeCTBJIH-

a
PRc.33. MexaHH3MbI JIIOMHHeCueHUlUi AgHal; MexaHH3M IIIeHa-l<JIaceHca (a) H Me-
xaHH3M JI3M6a-KJIHKa (6)

3HepfHJI $OTOHa, 3B

2,5 2,0

PRC. 34. CrreKTphl CBeqeHHJI KpHCTaJIJIOBAgBr
rrpH B036yx<:.l(eHHR B 06JIaCTH 350-450 HM;
1 - rrpH 4,2 K, 2 - rrpH 45 K; MaclllTa6
HHTeHCHBHOCTHyMeHbllleH B 10 pa3 [1, c.49]

550

>'1 HM

eTCH lf3JIyqeHlfeM, nOfJIOIUaeMbIM KpHCTaJIJIOM. ,LLnH Agel If AgBr 06JIaCTb

B036Y:>KlleHHH JIIOMlfHeCueHUlflf JIe:>KlfT B Y<P- If CHHeH 06JIacnix cneKTpa,

nplf'leM MaKCHMaJIbHOe B036YJKlleHHe Ha6JIIOllaeTCH nplf A = 365 HM. XapaK-

Tep cneKTPa B036YJKlleHHH MK AgHal H CneKTPa JIIOMlfHeCueHUHIf B O'leHh

ClfJIhHOH CTeneHIf 3aBlfClfT OT TeMnepaTYpbl, lle<peKTHocTIf KplfCTaJIJIOB If nplf-

Mecd'!: B HlfX (plfc.34). JIIOMlfHecueHTHbIH MeTOll HBJIHeTCH O'leHb Ba:>KHbIM

B IfCCJIellOBaHlfHX <poTorpa<pIf'leCKlfX npoueccoB, TaK KaK no CYIUecTBy, JI10MIf -

HecueHUlfH, HBJIHIOIUaHC$ICJIellCTBlfeM peKOM6lfHaUIflf e If p, cBlflleTeJIbCTByeT

o npoueccax, KOHKyplfPYIOIUlfX C 06pa30BaHlfeM CKpblToro <pOTorpa<pIf'leC-

KOro 1f306pa:>KeHlfH. 00 cneKTPaM JIIOMIfHeCueHUlf1f MO:>KHOCYlllfTb 0 Tlfne,

KOJIIf'leCTBe If rJIy6lfHe nplfMeCHblX ypOBHeH.



<l>oTorpa4»H'leCKHe 3MYJIbCHH

§ 1. 3apO,lU»Imeo6pa30BaHHe
H POCT KpHCTaJIJIOBAgHal

IIpouecc H3roTOBJIeHHSI $oTorpaclm'leCKOH 3MYJIbCHH BKJIIO'IaeT B ce6S1

HeCKOJIbKO CTa,llHH BaxrneHweH H3 KOTOpbIX SlBJISleTCSIKpUCmaJIAU3au,UR AgHai

HJIH, no $oTOrpa$~'1eCKOH TepMHHOJIOfHH, 3MYAbcurjJuKau,UR. I1MeHHo Ha 3TOH

CTa,llHH $OpMHpyIOTCSI MHKpOKpHC'raJIJIbl AgHai HYJKHOro pa3Mepa H ra6HTYCa.

06pa30BaHHe AgHal npOHCXO.D.HT B pe3YJIbTaTe B3aHMO.D.eHCTBHSI pacTBopoB

ranOreHH.D.OB llleJIO'lHbIX MeTaJIJIOB (HJIM HOHa NHt) H COJIH cepe6pa (KaK

npaBHJIO, AgN03) B npHCYTCTBHH 3alllHTHOro KOJIJIOH.D.a - 06bl'lHO )I(eJIaTH-

Hbi. CMeweHHe paCTBopOB npOBO.D.SIT npH crporo $HKcHpoBaHHblx YCJIOBHSlX

(TeMnepaTYPa, KOHueHrpaUHSI peareHToB, nOCJIe.D.OBaTeJIbHOCTb H CKOpOCTb

CJIHBaHHSI pacTBopoB). I1cnOJIb3YIOTCSI .D.Be OCHOBHblX cxeMbl KpHCTaJIJIH3a-

UHH: I) npHooHocmpyuHoM Memooe Bce raJIOreHH.D.bl C caMoro Ha'laJIa Ha-

XO.D.SITCSIB cocY.D.e ,lI.JISICMeweHHSI, a paCTBOp AgN03 BBO.D.HTCSInOCTeneHHO;

2) npH oeyxcmpyuHOM Memooe pacTBopbl raJIOreHH.D.OB MeTaJIJIOB H AgN03

O.D.HOBpeMeHHo BJIHBaIOTCSI B pacTBop )I(eJIaTHHbI, HaxO.D.SIllleHCSI B cocY.D.e .D.JISI

CMeweHHSI (pHC. 35). ,llJISI nOJIyqeHHSI KpynHbIx MK AgHai (d ~ I MKM H »
C nOBblweHHOH CBeTO'ly»CTBHTeJIbHOCTbIO npHMeHSlIOT aMMUa'tHbiU Memoo CHH-

Te3a, KOr.D.a B paCTBOp AgN03 .D.06aBJISlIOT aMMHaK, 06pa3yIOlllHH KOMnJIeKCbl

C Ag+ (aMMHpoBaHHe cepe6pa). qacTo KPHCTaJIJIH3aUHIO CBO,lI.SITK .D.ByMOCHOB-

HbIM npoueccaM - 3apoobllUeo6pa306aHuIO U pocmy MUKpOKpUCmaJIA06. KpoMe

3THX OCHOBHbIX npoueCCOB HMeIOT MeCTO .D.Ba.D.OnOJIHHTeJIbHblX npouecca -

OCm6aAb006CKoe C03pe6aHue U nepeKpUCmaJIAU3au,UR.
3apoobllUeo6pa306aHue - npouecc, npH KOTOpOM Ha'lHHaeTCSI $OpMH-

pOBaHHe TBep.D.OH $a3bI. 3KcnepHMeHTaJIbHO yCTaHOBJIeHO, '1TO pa3Mep CTa-

6HJIbHOrO 3ap0.D.bIWa AgCI paBeH 5 MOJIeKYJIaM [I, c.94). ,llJISI pSI.D.a.D.PYfHX

HeOpraHH'IeCKHX COJIeH KpHTH'IeCKHH .D.HaMerp 3ap0.D.bIWeH JIe)l(HT B npe.D.e-

JIax 9-15 A, npH'IeM .D.JISIAgCI H AgBr OH HaH60JIbWHH [I, c.95]. XOTSI

3ap0.D.bIWe06pa30BaHHe'laCTO Ha3blBaIOT «roMoreHHbIM», B .D.eHCTBHTeJIbHOCTH

OHO TaKOBblM He SlBJISleTCSI. I1CTHHHO rOMoreHHoe 06pa30BaHHe 3apO.D.blWeH

npOHCXO.D.HT 3a C'IeT CJIyqaHHbix $JIYKTYaUHH KOHueHrpaUHH peareHTOB, '1TO

C03.D.aeT.D.OCTaTo'lHyIO CTeneHb nepeCblllleHHSI. O.D.HOH H3 nepBblX TeopHH 3apo-

.D.bIIlIe06pa30BaHHSI SlBJISleTCSITeopHSI BeHMapHa [18]. ComacHo Ka'leCTBeHHoH

KBr +
)l(eJIaTHHa

PRe. 35. IIpHHUHnHaJIbHlilI cxeMa CHHTe3a <pOTorpaqmqeCKOH 3MYJlhCHH: a - O,uHO-
CTPyHHbli% MeTO,u, 6 - .lUlYCTPyHHhIH MeTO,u

TeopHH BeHMapHa CKOpOCTb 06pa30BaHHSI KpHCTaJIJIH'IeCKHX 3apO.D.blIlIeH W
onpe.nenSleTCSI nepecbIllleHHeM paCTBopa:

Q-L P )
W = k . -L- = k . L' (3

f.ll.e k - KOHcTaHTa, Q - KOHueHrpaUHSI BellleCTBa B paCTBope, L -
paCTBopHMOCTb, Q - L = P - nepeCblllleHHe.

O.D.HaKO KJIaCCHtIeCKaSI TeopHSI CKOpOCTH 3ap0.D.bIIlIe06pa30BaHHSI HenpH-

MeHHMa K OCB)l(,ll.eHHIO $OTorpa$H'IeCKHX 3MYJIbCHH, TaK KaK TO'lHble KOHueH-

rpaUHH peareHTOB HeH3BeCTHbi H3-3a He BnOJIHe 3$$eKTHBHoro nepeMeIlIH-

BaHHSI, He HCKJIIO'IaIOlllero apeMeHHble JIOKaJIbHbie BblCOKHe KOHueHrpaUHH

peareHTOB • .naHHble 0 pa3Mepax 3apO.D.bIIlIeH, 06pa3YIOlllHXCSI B nepBble ce-

KYH.D.bl npH .D.ByXCrpyHHOM OCB)I(,lI.eHHH AgBr [I, c.95], CBH.D.eTeJIbCTBYIOT

o .D.OBOJIbHO60JIbIlIHX pa3Mepax (COTHH A no .D.HaMerpy), '1TO CBSl3aHO C npo-

TeKaHHeM He TOJIbKO 3apO.D.bIIlIe06pa30BaHHSI, HO H pOCTa 3ap0.D.bIIlIeH. ECJIH

npH O.D.HOCrpyHHOH 3MYJIbCH$HKaUHH 3ap0.D.bIIlIe06pa30BaHHe npOHCXO.D.HT

npaKTHtIeCKH B Te'leHHe Bcero npouecca, TO B KaKOH-TO MOMeHT .D.BYXCrpyH-

HOro OCB)l(,ll.eHHSI '1HCJIO MHKpOKpHCTaJIJIOB CTaHOBHTCH nOCTOHHHbIM, '1TO

YKa3bIBaeT Ha OKOH'IaHHe 3ap0.D.bIWe06pa30BaHHH. 3TO npOHCXO.D.HT nOToMy,

'1TO nepeCblllleHHe peareHTOB CTaHOBHTCH CJIHWKOM MaJIbiM .D.JIH.D.aJIbHeHwero

06pa30BaHHH 3apO.D.bIIlIeH, TaK KaK Bce nocTynaIOlllee B paCTBOp BemeCTBO H.D.eT

Ha POCT Y)I(e 06pa30BaBwHXCH KpHCTaJIJIOB. Cpe.D.Hee 'IHCJIO MHKpOKpHCTaJIJIOB

AgBr npH .D.BYXCrpyHHOM OCB)I(,lI.eHHH COCTaBJIHeT npH 50° C 10 12-10 13 MJI-1

HJIH 1015_1016 JI-1.
3a CTa,llHeH 3apO.D.blIlIeo6pa30BaHHH CJIe.D.yeTpocm KpHCTaJIJIOB, T. e. o6pa-

30BaHHe HOBblX CJIoeB BellleCTBa Ha 3apO.D.blwe. 06pa30BaBIlIHHCH KpHCTaJI-

JIH'IeCKHH 3apO.D.bIIlI paCTeT CHa'laJIa 3a C'IeT BellleCTBa, Bbl.D.eJISlIOlllerOCH



M3 paCTBOpa. B JJ:aJIbHeM:WeM POCT MO)l(eT np0JJ:OJI)I(aTbCH 3a C'IeT paCTBopeHMH

MeJIKMX KpMCTaJlJIOB, TaK Ha3bIBaeMoro OCTBaJlbJJ:OBCKOro C03peBaHMH. ,llJIH

nOHMMaHMH HeKOTopbIX HBJIeHMM:, COnpOBO)I(JJ:aIOIUMX POCT KpMCTaJlJIOB, pac-

CMOTpMM POCT MJJ:eaJIbHOM:KpMCTaJlJIM'IeCKOM: peweTKM no KOCCeJIIO M CTPaH-

CKOMy [18, c.218]. COrJIaCHO 3TOM: TeopMM pOCT peweTKM OCYIUeCTBJIHeTCH

nOCJIOM:HO M BKJIIO'IaeT B ce6H 3ap0)I(JJ:eHMe HOBoro CJIOH Ha BepwMHax M rpaHHx

M ero pOCT BJJ:OJIbnOBepXHOCTM.

PaccMoTpMM, KaKoe KOJIM'IeCTBO 3HeprMM BbIJJ:eJIHeTCH npM npMcoeJJ:MHe-

HMM HOBoro MOHa K KpMCTaJlJIy. 3TM JJ:aHHbIe y)l(e npMBoJJ:MJIMCb Ha pMc.9.

PaC'IeT 6bIJI BbInOJIHeH Ma.ueJIYHroM JJ:JIH KpMCTaJIJIa NaC!. ECJIH npHHHTb

3HeprHIO, BbIJJ:eJIHIOIUYIOCH npH C6JIH)I(eHMH JJ:BYX HOHOB JJ:O HOpMaJlbHOro

COCTOHHMH, 3a eJJ:MHHUY, TO 3HeprHH, BbmeJIHIOIUaHCH npH OCa)l(JJ:eHHM HOHa

Ha nOBepXHOCTb KpHCTaJlJIa, COCTaBJIHeT 0,0662. Ha pMC. 9 nOKa3aH CXeMaTM'Ie-

CKJ1 paCTYIUMM: KPMCTaJlJI NaCl, npM'IeM KOJIM'IeCTBO 3HeprHH, BbI.ueJIHIOIUeeCH

npM npMTH)I(eHMM MOHa K MeCTaM, YKa3aHHbIM CTPeJIKaMM, JJ:aHO B ynoMHHy-

TbIX BbIwe eJJ:HHMuax. ComaCHO UH<ppaM JIeI"le Bcero npOMCXOJJ:MT oce.uaHMe

MOHa Ha M3JIOMe CTYneHH BO BXo.uHIUMM: TPexrpaHHbIM: yroJI (0,8738). TaKMM

06pa30M, y paCTYIUeM: rpaHM npe)I(JJ:e Bcero .uopaCTaeT .uo KOHua He3aBep-

WeHHbIM: pH.u MOHOB, H HaH60JIee BepOHTHbIM CTaHOBMTCH npMTH)I(eHMe MOHa

K CTYneHM BO BXO.uHIUMM: .uByxrpaHHbIM: yrOJI y ee KpaH (0,4941). Kor.ua BCH

rpaHb BbIpaCTeT, nepBbIM: HOH, 06pa3YIOIUMM: HOBYIO rpaHb, CKopee Bcero 6y.ueT

npMTHHyT K OJJ:HOM:M3 BepWHH (0,2490). 3TM UM<PPbI 06'bHCHHIOT TalOKe TOT

06IUeM3BeCTHbIM: <paKT, 'ITO eCJIM KpHCTaJlJIHMeeT nOBpe)I(JJ:eHHH, TPeUlHHbI,
HeCOBepweHCTBa (M T. JJ:.), TO npe)I(JJ:e Bcero 6y.uyT 3apaCTaTb nOBpe)l()l;eHHbIe

MeCTa. 3THM )I(e 06'bHCHHeTCH M TO, 'ITO a.uCOp6UHH coe.uHHeHMH Jlerqe npOHC-

XO)J,MTHa BepwHHax H pe6pax. )lo TOro MOMeHTa, nOKa '1aCTHua, npHTHHyTaH

nOBepXHOCTbIO (0,0662), nona.ueT B HY:lKHoe MeCTO paCTYIUerO KPHCTaJIJIa, OHa

.uBH)I(eTCH B.uOJIb nOBepXHOCTH.

COBpeMeHHaH TeopMH pOCTa KpHCTaJIJIOB OTJIH'IaeTCH OT TeopHH Koc-

CeJIH H CTPaHcKoro npM3HaHMeM 60JIbWOH pOJIM HapyweHMH peweTKH -

.uMCJIOKaUMH B 3ap0)I(JJ:eHMM H pOCTe HOBbIX CJIOeB peweTKH. TeopHH Koc-

CeJIH H CTPaHcKoro HCnbITbIBaJla TPy.uHOCTH npH 06'bHCHeHHH Ha'laJIbHoro

MOMeHTa 06pa30BaHHH HOBOR rpaHH. 113 npHBe.ueHHbIX BeJIH'IHH 3HeprHH

(pHc.9) CJIe.uyeT, '1TO nOCJIe 3aBepweHHH pOCTa CJIOH BeJIM'IHHa 3HeprHM,

BbI.ueJIHIOIUeM:CH npM npHcoe.uHHeHHH CJIe.uYIOUleR '1aCTHUbI, pe3KO yMeHblIIa-

eTCH. 3TO 03Ha'iaeT, 'ITO HOBbIR CJIOR HOHOB MO)l(eT Ha'IaTb paCTH JIHWb npH

60JIbWeM nepeCbIIUeHHH, '1eM Tpe6yeTcH JJ:JIHpOCTa TOro )I(e CJIOH. HaJlWIHe

paCcMOTPeHHbIx BbIlIIe .uHCJIOKaUHM:, B TOM '1HCJIe BHHTOBbIX, cnoco6cTByeT

60JIee JIerKoMy 3ap0)I(JJ:eHMIO HOBbIX CJIOeB npH pOCTe. PHC. 12 HJlJIIOCTPHpyeT

B03MO)l(HYIO POJIb BMHTOBbIX ,lUiCJIOKaUHM: npH pOCTe KPHCTaJIJIOB.

EOJIbWYIO POJIb npH pOCTe KpHCTaJlJIOB HrpaIOT BXOMUlHe .uByrpaHHbIe

ymbI. POCT B HanpaBJIeHHH nJIOCKOCTeM: JJ:BOM:HHKOBaHHH 06yCJIaBJIHBaeT 06pa-

30BaHHe nJIOCKHX KpHCTaJlJIOB AgHal. 3TOT Bonpoc paCCMOTPHM nO)J,p06Hee

HeCKOJIbKO n03)1(e.

B 06IUeM BH.ue yBeJIM'IeHHe JIHHeRHoro pa3Mepa MHKPOKpHCTaJlJIa dx
MO)l(HO BbIpa3HTb B BM.ue ~~ = k . xn

, r.ue n = -1, 0, + 1 HJIM +2. B WHpOKO

pacnpocTpaHeHHoM B HaCTOHlIIee BpeMH .uByXCTPyRHOM MeTo.ue CMHTe3a C KOH-

TpOJIHpyeMOM: CKOpOCTbIO no.ua'IM peareHToB pOCT MMKpOKpMCTaJlJIOB MO)l(eT

oCYIUeCTBJIHTbCH no npocToMy 3aKoHy: ~~ = k (l, c. 97]. XapaKTepHO,'1TO

npH 3TOM 06pa30BbIBaJlHCb CTPyKTypHO cOBepweHHbIe MMKpOKpMCTaJlJIbI npM

C6aJ1aHCHpOBaHHoM nOCTYnJIeHMM paCTBopa AgN03 M KBr, '1eM MCKJIIO'Ia-

JIOCb 06pa30BaHMe .uMCJIOKaUMM: M nJIOCKOCTeM: .uBOM:HMKOBaHMH, cnoc06HbIX

H3MeHMTb MexaHM3M pOCTa MK. B pe3YJIbTaTe nOJIyqaIOT <poTorpa<pM'IeCKMe

3MYJIbCHM C Y3KMM pacnpe.ueJIeHMeM MHKpOKpHCTaJlJIOB no pa3MepaM, TaK

Ha3bIBaeMbIe MOHooucnepcHble 3MYJIbCMH. MeTo.u JJ:ByxCTPYM:HOR 3MYJIbCM<pH-

KaUMH, BnpO'leM, n03BOJIHeT B WMpOKMX MHTepBaJlaX M3MeHHTb BeJIH'IMHy ~~ '

BapbMpyH CKOpOCTb no.ua'IM peareHTOB.

§ 2. OCTBaJlb,ll;OBCKOe C03peBaHHe
H nepeKpHCTaJI~H3anHB

OCm60J1b006CKOe C03pe6anue (HJIM nepBoe C03peBaHHe 3MYJIbCHM) npOHC-

XO.uMT B OCHOBHOM npM nOBblweHHbIX TeMnepaTypax, B npMcyTCTBMH paCTBO-

pMTeJIeM: AgHal M npM HaJlM'IHM WHpOKOro pacnpe.ueJIeHHH MHKpOKPHCTaJI)IOB

no pa3MepaM (nOJIH)l;HCnepcHocTH). B 3THX yCJIOBHHX paCTBopHIOTCH MeJIKHe

H paCTyT KPynHble MK, '1TO 06yCJIOBJIeHO YMeHbweHHeM 3HeprHH CHCTeMbI

C YMeHbweHHeM 06IUeM: nJIOIUa.uH nOBepXHOCTH MK. OTHoweHHe paCTBopH-

MOCTH Sr C<pepH'IeCKOrO MHKPOKPHCTaJIJIa pa.uMyca r K paCTBopHMOCTH Soo
KpynHoro KPHCTaJIJIa onpe.ueJIHeTCH <POPMYJIOM:OCTBaJlb.ua:

In (!!-) = 2M-y ,
Soo RTpr

r.ue M - MOJIeKyJIHpHaH Macca MK, p - ero nJIOTHOCTb, -y - noBepXUOCTHaH

3HeprHH TBep.uoR <pa3bI· Ha rpaHMue C :lKH.uKOR. XOTH 3TO ypaBHeHHe JIHWb

npM6JIM)I(eHHO npMMeHMMO K TBep.ubIM <pa3aM M K Hec<pepH'IeCKHM '1aC1'MuaM,

OHO 06'bHCHHeT, nO'leMy B nOJIH)l;MCnepCHOR CHCTeMe 60JIee KpynHbIe MK

paCTyT 3a C'IeT 60JIee MeJIKllX. OCTBaJlb.uoBcKoe c03peBaHHe BKJIIO'IaeT TPH

CTa.uHH: paCTBopeHMe, .uM<P<PY3HIO M OTJIO)l(eHHe BeIUeCTBa. )lpyroM: B03MO)l(-

HbIM: cnoc06 pOCTa MK - KOOJleClJ,enIJ,UJl. B 3TOM CJIyqae npOMcxo.uHT pe3Koe

M3MeHeHMe pa3Mepa MK, npH'IHHOR KOTOpOro HBJIHeTCH 06pa30BaHHe napHbIX

HJIH 60JIee KpynHbIx arperaTOB MK nyTeM npHMoro KOHTaKTa H 06'be.uHHe-

HHH paHee pa3.ueJIeHHbIX MK. 06a BH.ua C03peBaHMH - H OCTBaJlb.uOBCKoe,

H KOaJIeCueHUMH MOryT npOTeKaTb KaK BO BpeMH 3MYJIbcM<pHKaUHH, TaK

M nOCJIe ee npeKpaUleHMH. npH HOPMaJlbHbIX yCJIOBHHX .uBYXCTPyM:HOro oca-

)l(JJ:eHHH KOaJIeCueHUMH nOJIHOCTbIO OTCyTCTByeT. KOaJIeCueHUMH Ha6JIIO.uaeTcH

npH 6bICTPOR 3MYJIbcH<pHKaUMH B O.uHOCTPyRHOM MeTo.ue, a TalOKe npH pocTe

nJIOCKHX KpHCTaJIJIOB Ha CTa)l;HM <pOpMMpoBaHHH nJIOCKOCTeR )J,BOHHMKOBaHHH.
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PIle. 36. PacTBopHMOCTbAgBr B paCTBopax KBr npH 20'C

YCTaHOBJIeHO, l.JTO CKOpOCTb OCTBaJIb,UOBCKoro c03peBaHH$I cymecTBeHHo

3aBHCHT OT orpaHKH MK. ,L{JISl oKTa3,UpHl.JeCKHX MK 3HeprH$I aKTHBallHH

onpe,UeJ1eHa B 8 KKaJI/MOJJb, MH KY6Hl.JeCKHX 66 KKaJI/MOJ1b [I, c.99]. HaJ.i-

,UeHO xopomee Kal.JeCTBeHHoe COOTBeTCTBHe Me)l()ly CKOpOCTbIO C03peBaHH$I

H paCTBopHMOCTbIO AgHal. PacTBopHMOCTb AgHal B cymecTBeHHOJ.i CTene-

HH 3aBHCHT OT KOHlleHrpaUHH [Hal-] H [Ag-+l HanpHMep, paCTBopHMOCTb

AgBr B03paCTaeT npH yBeJ1H'-1eHHH [Br-] (YMeHbmeHHe pBr) 3a Cl.JeT o6pa-

30BaHHH K~MnJ1eKCHblx HOHOB AgBri H AgBr~- (pK12 = 7,4; pK13 = 8,5

npH t = 20 C) II, c.16]. 3TO HJJJ1IOCTpl1pyeTcH pHc.36 [18. c.238]. B o6JJa-

CTH Ol.JeHb MaJIbiX KOHlleHrpallHH Br-. T. e. R H36bITKe Ag+, pacTBopHMOCTb

AgBr TaIOKe B03paCTaeT. MHHHMYM pacTBopHMOCTH B Bo,Ue HaxO,UHTCH npH

KOHlleHTpallHH Br- OKOJIO 10-3 M (pHc.37).
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PHc.37. PacTBopHMOCTbAgBr B pacTBopax KBr npH 50'C [18, c.2~91

PaCTBopHMOCTb AgBr B H36blTKe HOHOB cepe6pa pacTeT 3a Cl.JeT 06pa30Ba-

HHH KOMnJ1eKCOB nma Ag2Br+, Ag3Br2+ H T.,U. Oco6oe BJ1HRHHe Ha pacTBo-

pHMOCTb AgHal, a CJJe,UoBaTeJIbHO, Ha CKOpOCTb OCTBaJIb,UOI3CKOrO c03peBaHHH

OKa3bIBaIOT KOMnJleKCOo6pa30BaTeJ1H .unR HOHa Ag+. HanpHMep, c03peBaHHe

npoTeKaeT 6blcrpee, KOma B pacTBope npHcYTcTByeT aMMHaK (aMMHal.JHble

3MYJ1bCHH), TaK KaK pacTBopHMblJ.i KOMnJ1eKC Ag(NH3)i' BeCbMa npo'ieH

C KOHCTaHTaMH HecToHKoCTH pK11 = 3,3 H pK12 = 7,2 npH 25°C.

flepeKpUCmOJlJlU3oU,Wl - npOllecc, npH KOTOpOM H3MeHHeTCH COCTaB MH-

KpOKpI1CTaJIJJOB. OOCJ1e,UHee HMeeT MeCTO npH HaJIH'1I111 MK pa3J1I1l.JHoro

raJIOreHI1,UHoro COCTaBa, nOCKOJ1bKY COCTOHHHIO C MI1HI1Ma..lbHOii 3HepmeH

COOTBeTCTByeT TBep,UbIH pacTBop npOMe)l(YT0l.JHoro COCTaBa (3Hrponl1HHblii

<paKTop). KaK 11 OCTBaJIb,UOBCKoe c03peRaHl1e, nepeKpHCTaJTJIH3alll1$1 npOTe-

KaeT 6bIcTpee B H36blTKe paCTBopHTeml AgHal, TaK KaK MSI 06pa30BaHHH

cMeIllaHHoH KPHCTaJIJ1Hl.JeCKOH <pa3bl npOMe)l(YT0l.JHOrO COCTaBa HeKoTopble

HOHbl ,UOJ1)1(HblnepeHTH B paCT BOp II ,UH<P<PYH,UHpOBaTb l.Jepe3 Hero. Oco6oe

3Hal.JeHHe nepeKPHCTaJIJ1H3allH$I HMeeT npH O,UHOCTpyHHOH KPHCTaJIJ1H3allHH

AgCI/ AgBr H AgBr/ AgI -3MYJlbCHH, Kor,Ua Ha6J1IO,UaeTcH K0J1e6aHHe COCTaBa

.unH pa3J1Hl.JHbIX 3epeH H3-3a 60J1bmOrO OTKJ10HeHH$I yCJJOBHH CHHTe3a OT paB-

HOBeCHbIX. HanpHMep, eCJ1H B pacTBop (KI + KBr) ,Uo6aBJ1HeTCH paCT BOP

AgN03, OCa)l()leHHe npoHcxo,UHT B ,UBe CTa,UHH: Ha nepBoH OCa)l()laIOTCH Me-

Hee pacTBopHMble MHKpOKpHCTaJIJlbI AgI (Op = 10-16,1), aHa BTOPOH nOCJJe

OCa)I()leHHH HOHOB r- Hal.JHHaeTC$I oca)l()leHHe AgBr (Dp = \0-12,3). llocJle

3TOro HeKOTopaH l.JaCTb Agi H AgBr paCTBOp$leTCSl H nepeKpHCTaJInll3yeTC$I,

06pa3YH B Kal.JeCTBe npO,UyKTa TBep,UbIH paCTBOp AgBr(AgI). npH C6aJIaHCHpO-

BaHHOM ,UBYXCTpyHHOM BBe,UeHHH paCTBOpOB AgN03 H (KI + KBr) nOJJyqaJIHCb

O,UHO<pa3Hble TBep,Uble paCTBopbI npOH3BOJIbHOro COCTaBa [I, c. 100].

PaCTBopHMOCTb AgHal cymecTBeHHO 3aBHCHT OT TeMnepaTYPbl. 3aBHCH-

MOCTb Op pa3JIHl.JHbIX AgHal OT TeMnepaTypbI npHBe,UeHa Ha pHC. 38 19, c. 31].

PeKPHCTaJIJJI13allHH npOHCXO,UHT Bcer,Ua, Kor,Ua K MK AgHal ,UaHHoro COCTaBa
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.ll06aWHIJOT MK .llpyroro COCTaBa JUl60 paCTBOp, CO.llep)l(aUHIH raJIOreHJ1Ll-
HOHbl, 06pa3YIOlllHe 60JIee TpY.llHOpaCTBopHMyIO COJIb C HOHaMH cepe6pa.
nOCJIe.llHJ1U MeTOLl Ha3bIBaeTCSI MeTOLlOM KOH8epCUU raJIOreHJ1.lla cepe6pa.
3TOT MeTO.ll n03BOJISleT nOKpbITb nOBepXHOCTb MI1KpOKpI1CTaJIJIOB, COCTOSl-
111I1X113HH,llHBHJiYaJIbHOrO raJIOreHH.lla cepe6pa (HanpI1Mep, AgClI1JUI AgBr),
060JIO'{KOH 113 .llpyroro, KaK npaBI1JIO, 60JIee TpYLlHOpaCTBOpl1MOro raJIOre-
HI1Lla cepe6pa (HanpHMep, AgBr I1JII1 AgI). TO,{Hee, 06pa3yeTcSI 060JIO'IKa
CMeWaHHOrO COCTaBa.

§ 3. POCT pa3JIWlHbIX 4l0pM
MHKpOKpnCTaJIJIOB AgHal

KPHCTaJIJIbI, 06pa3YIOllll1ecSI npl1 CI1HTe3e Q>OTorpa<pI1'IeCKI1X 3MYJIbCI1H,
HMeIOT pa3Hoo6pa3HbIe Q>OPMbI. npOCTeHWI1MI1 113HI1XS1BJISIIOTCSIKY6bI 11OK-
Ta3.llpbI (CM. pHC. 14). KpoMe TOro, OHH MOryT I1MeTb 60JIee CJIO)l(HOorpaHeH-
HbIe <PoPMbI (poM60.ll0.lleKa3.llpbI, TeTPareKCa3.llpbI 11T.iJ,., pl1c.16 H 17). qacTo
MK HMeIOT Q>OPMY c<PeP (pl1c.39, a), KOTopbIe 06bI'IHO 06pa3YIOTcSI npl1
4>H3H'{eCKOMc03peBaHHH orpaHeHHbIx Kpl1CTaJIJIOB npH nOBbIweHHbIX TeMne-
parypax H B npHCYTCTBHH KOMnJIeKC006pa30BaTeJIeH )J,JISIHOHOBcepe6pa. YfJIbI
C[JIaJKHBaIOTCSIB pe3YJIbTaTe OCTBaJIbiJ,OBCKOro c03peBaHHSI, TaK KaK 3HeprHSI
HOHOB, HaxOMlIIHxcSlHa BepwHHax H pe6pax, 60JIbWe, '{eM Ha rpaHSlX. Ho-
HbI, pacnOJIO)l(eHHhle Ha BepwHHax KY6a, MO)l(HO yiJ,aJIHTb C pa3pbIBOM Bcero
TPex COCeiJ,HHXCBSl3eU, )J,JISIpacnOJIO)l(eHHbIX Ha pe6pax He06xOiJ,I1M pa3pblB

PIIc.39. <l>opMa 3MYJIbCHOHHbIX MJ1KpOKpHCTaJIJIOB AgHal: a) aMMl1a'lHaSl AgBr(l)-
3MYJIbCHSI co c<j>epH'IeCKHMH KpHCTaJIJIaMH H 6) 3MYJlbCI1S1 C nJlOCKHMH (Ta6YJUlpHbI-
MH, T) AgBr(I)-KpHcTaJIJlaMI1

'IeTbIpex cBSl3eH, a Ha rpaHSlx KY6a - nSlTH cBH3eH. HaKoHeu, J13BeCTHbI MK
B BJ1iJ,eTa6JIH'IeK (T -KpHCTaJIJIbl, PI1C. 39, 6) H J1rJl. 06pa30BaHHe 60JIbWJ1H-
CTBa YKa3aHHbiX Q>OPM MO)l(HO 06bHCHHTb, I1CXO.llSl113 HeKOTopbIX npOCTbIX,
oCHOBOnOJlaraIOllll1X npI1HUl1nOB.

npOCTeHWI1U Tl1n MK AgBr C TO'lKH 3peHI1S1 CTPYKTYPHblX11nOBepXHOCT-
HbIX xapaKTepl1CTI1K KY611'1eCKOHrpaHeueHTpl1pOBaHHol1 peweTKH 06pa3yeTcH
npl1 C6aJIaHCI1pOBaHHOM iJ,ByXCTpyI1HOM CJII1BaHl111paCTBopOB AgN03 11 KBr.
B 3TOM CJIyqae nOJlyqaIOTcH MOHOLlI1CnepCHbIe KY611'1eCKI1e M K. 06pa30BaB-
umecSI BO BpeMSI pOCTa KY611'1eCKI1e MK nOCJIe 20-'1aCOBOro UbICTal1BaHHSI
paCnJIaBJIeHHol1 3MYJIbCI111npeBpawaIOTCSI B cQ>epl1'IeCKHe [1, c. 103] 3a C'IeT
Cma)l(HBaHHSI BepWHH B pe3YJIbTaTe OCTBaJIbiJ,OBCKoro C03peBaHHSI.

npH'II1Ha nOSlBJIeHHSITOro HJIH HHoro Ha60pa KPHCTaJIJIorpaQ>H'IeCKHX no-
BepxHocTel1 B onpeiJ,eJIeHHbIX YCJIOBI1S1XKPl1CTaJIJIH3aUHJi 3aKJIIO'IaeTCSI B TOM,
'1TO 3TH nOBepXHOCTl1 paCTYT MeiJ,JIeHHee Bcero. 3TO HJIJIIOCTPHpyeTcSI pHC. 40,
Ha KOTOpOM nOKa3aHO, KaK TPaHcQ>opMHPYIOTCSI KY6H'IeCKHe (l00) .H OKTa-
3LlpH'IeCKHe (Ill) rpaHH npH pa3JIH1.JHbIX CKOpOCTSIX (V) HX pOCTa. ECJIH
~11l) > ~IOO) (pHC. 40, a) KpHCTaJIJI orpaHSleTCSI KY6H'IeCKHMH rpaHSlMH (100).
B 06paTHoM CJIyqae, KOfLla V(lll) < ~lOO), BbIpacTaIOT OKTa3.llPH'IeCKHe KPH-.

CTaJIJIbI (pHC. 40,6).,1J..rrSi 'IeTKOU orpaHKH CKOpOCTHpOCTa rpaHeu iJ,OJI)l(HbIpa3-

JII1'IaTbCH B .J3 pa3. qeM onpeiJ,eJISleTCSI pa3JIH'IHe B CKopocnIX pOCTa rpaHeH?

KaK npaBliJIO, 3TO CBH3aHO C npeHMYllleCTBeHHOH a,llCOp6UHeu Coe.llH-
HeHHU Ha OLlHOU 113 rpaHeH, H60, KaK 3TO 6bIJIO nOKa3aHO paHee (pHc.21),
K~aSl rpaHb OTJIH'IaeTCSI OT LlpyroH KOHueHTpaUHeu (peTHKYJISIpHOH nJIOT-
HOCTbIO) H B3aHMHbIM pacnOJlO)l(eHHeM HOHOB. 113BecTHo, 'ITO 110HbI Br-



CHJIbHee a,nCOp6HPYIOTCSI Ha n,10CKOCTH (Ill), 'IeM Ha (100) npH KOHueHTpa-

UHH KBr B pacTBope > 10-3 M H, TeM caMblM cTa6HJIH3HPYIOT OKTa3,1\,pH-

'IeCKHe rpaHH. OllHHM H3 cnOC060B, KOTOpblM a,nCOp6HpOBaHHbIH 6POMHll

MO)J(eT npenSlTCTBOBaTb OTJIO)J(eHHIO BelUeCTBa, S1BJISleTCSI,BepOSlTHO, a,1\,cop6-

UJfSl OTpHuaTeJIbHO 3apSl)J(eHHOrO KOMnJIeKcHoro aHHOHa AgBG-, KOTOpblH

npH pAg > 9 H 35°C HMeeT HaH6oJIbUJYlO KOHueHTpaUHIO cpe.nH Bcex Ag+ -co-

,1\,ep)J(amHx JfOHOB. AHHOH AgBr~- npenSlTcTByeT OTJIO)J(eHHIO AgBr Ha rpaHH

(Ill). n03TOMY B Jf36blTKe KBr 06pa3ylOTcSI oKTa311pH'IeCKHe MK. TO'lHaSi

BeJIH'IHHa H36bITKa KBr, He06xollHMaSi ,1I,JISIo6pa30BaHHSI OKTa311PH'IeCKHX

MHKpOKpHCTaJIJIOB AgBr, 3aBHCHT OT npHcyTcTBHSI ,1I,Pymx BemeCTB. HanpH-

Mep, B 0,2 H pacTBope NH40H B 06JIacTH pAg = 8,8 (pBr = 3,6 npH

t = 40°C) pacryr KY6bI, npH pAg = 9,0 (pBr = 2,6) - OKTa3,1\,pbI H B npo-

Me)J(yrO'lHOH 06JIaCTH pAg = 8,5 (pBr = 3, I) - O,1\,HOBpeMeHHo H KY6bI,

H OKTa3.llpbI (1, c.I04]. B pa60Te [19] npHBe,1\,eHa ,1\,HarpaMMa 3aBHCHMOCTH

rpaHI1UbI Me)J()l,y KY6Jf'ieCKI1MI1 11OKTa3,1\,pH'ieCKI1MI1 MI1KPOKpl1CTaJIJIaMI1 AgBr

OT pAg,1l,JIH pa3JIH'iHbIX KOHueHTpaUI1H aMMHaKa H HO,1\,H,1\,-HOHOB.,ll06aBJIeHl1e

NH3 CMemaJIO rpaHHUY K 60JIee BbICOKHM pAg, a HO,1\,H,1\,a- K 60JIee HH3KHM.

)lJIH pOCTa rpaHeH C 60JIee BbICOKHMH I1H,1\,eKCaMH MHJIJIepa, xapaKTepHbl-

MH .MH TeTpareKCa3.llpa (210), TpHroHTpHOKTa3,1\,pa (221), TeTparoHTpHOKTa-

3,1\,pa (211) H reKCOKTa3,1\,pa (321), npl1MeHHIOT CneUHaJIbHble OpraHH'ieCKHe

BelUeCTBa - MO,1\,H4>JfKaTOPbI pOCTa (12] (pHC. 17). B Ka'ieCTBe MO,1\,H4>HKaTopoB

pOCTa npHMeHSllOT pa3JIJf'lHbIe reTepOUHKJIH'ieCKHe COe,1\,HHeHHSI (npOH3BO,1\,-

HbIe nHpHMH,1\,HHOB, p0,1\,aHHHOB, TeTpaa3aHH,1\,eHOB H ,1\,p.), a TaK)J(e MOJIeKYJIbl,

CO,1\,ep)J(alUHe THOaMH)l.HylO rpynnHpOBKY (- C -NH-) [121.

II
s

HanpHMep, pOM6o.ll0A~a3,1\,pbI {llO} pacryr B npHcyrcTBHH MepKamo-

np0I13BO,1\,HOrO TeTpaa3aHH)l.eHa CTpoeHHH (I), TeTpareKCa3,1\,pbI {2I O} no,1\,,1\,eH-

CTBHeM ,1\,HMeTHHMepOUHaHHHa (II), TpHrOHTpHOKTa3,1\,pbI {22I} - TeTpaa3a-

HH,1I,eHa (Ill), TeTparOHTpHOKTa3,1\,pbI {2ll} H reKcoKTa311pbI {32I} B npHcyT-

CTBHH npOH3BO,1\,HbIX 6eH3JfMI1,1\,a30JIa (IV) H (V) (Pl1c. 17). )lJISi. 3THX BemeCTB

xapaKTepHa Cneul4>"'IeCKaH a,nCOp6UJfH Ha rpaHHX C BbICOKI1MH HH,1\,eKCaMI1,

6JIaro,1\,apSl 'ieMy 3TJf rpaHI1 «BbI)J(JfBaIOT» B npouecce KpHCTaJIJIJf3aUHH.

Ha nJIOCKOCTHX C BblCOKI1MI1 HH,1\,eKCaMI1 3Ha'lHTeJIbHO 60JIbUJI1H Ha60p

Me)J(I1OHHbIX paCCTOHHI1H, 'IeM Ha (Ill) 11, oco6eHHo, Ha rpaHH (100). ,llJISI

HJIJIlOcTpaUl111 Ha pJfc.4I 11306pa)J(eHo pacnOJIO)J(eHl1e HOHOB Ag+ 11 Br-

Ha npocTeHUJeH KY611'IeCKOH nOBepXHOCTH (100) H Ha nOBepxHocTH C 60JIee

BblCOKI1M HHlleKCOM (210). BH,1\,HO, 'iTO Ha BTOPOH nOBepXHOCTH I1MeeTCSI

60JIee pa3HOO6pa3HaSI CTpYKTYPa PSl,1l,OB 110HOB Ag+ 11 Br-, o6pa3YlOlUI1x

«SlpyCHylO» 4>OPMY (Ha pa3HoH BbIcoTe) C ,1\,ByMH pH,1\,aMI1 110HOB Ag+ Me)J()l,y

O,1\,I1HO'IHbIMI1 pH,1\,aMH Br-. DJIarO,llapSl 60JIbWOMY pa3Hoo6pa3111O Me)J(HOHHbIX

paCCTOSlHI1H Ha nJIOCKOCTSIX C BbICOKHMI1 HH)l.eKCaMI1 B03paCTaeT BepOHTHOCTb

COOTBeTCTBHSl 3apSl,1l,OBB MOJIeKYJIe OpraHH'ieCKOrO COe,1\,HHeHHSl 3ap~,1\,aM no-

PHc.41. Pacn0J10)l(eHHe HOHOB Ag+ Ii Br- Ha nOBepXHOCTI1 (100) - (a) H Ha

nOBepXHOCTH C 6oJ1ee BbICOKI1M HH.ueKCOM (210) - (6)

1 S6-
,f' <5+

BepXHOCTI1. HanpHMep, I ,3-,1\,l1nOJIb TliOaMH,1\,HOH rpynnbI -C -NH- MO)J(eT

2 3
JIeNe HaHTI1 pacCTOHHHe Me)J()l,y 110HaMI1 Ag+ H Br-, 6JIH3KOe K pacCTOH-

[)- [)+
HHIO Me)l(,lly cepoH H a30TOM ( S -C- N ]. TIO-BH,1\,HMOMY, npH a,nCOp6UHH

Ag+ Br-



OpraHl1'IeCKIifX COe.lllifHeHIifH Ha AgHal pa60TaeT nplifHUlifn KOMnneMeHTapHO-
CTIif3ap$l.llOB. nplifHUlifn KOMnneMeHTapHOCTIif 3apMOB BeCbMa pacnpOCTpaHeH
B )((I'IBOH nplifpo.lle Iif ne)((IifT, HanplifMep, B OCHOBe nepe.llatJlif 3neKTpliftJeCKoro
IifMnynbca B HepBHblX KneTKax. 3ap$l.llOBOe COOTBeTCTBlife no Tlifny «3aMOK-
KnIOtJ,) Me)[(.zly nepe.llaTtJlifKOM IifMnynbca (Me.lllifaTopOM) aueTlifnxonlifHOM Iif pe-
uenTopOM Ha nOBepXHOCTIif KneTKIif JIe)((lifT B OCHOBe MexaHlif3Ma 1if3MeHeHIif$l
MeM6paHHOro nOTeHUlifaJIa HepBHoil KneTKIif.

BeCbMa He06bltJHblMIif C TOtJKIif 3peHIif$l BbiCOKOClifMMeTplif4Hoil Ky6liftJec-
KOH peweTKIif AgHai npe.llCTaBn$lIOTC$I nnOCKlife T -KPIifCTaJInbi. TonlUlifHa T-
KplifCTaJInOB COCTaBn$leT 0,01-0,03 MKM, a COOTHoweHlife .lllifaMeTpa MK K ero
TOJImlifHe MO)((eT .llOCTlifraTb 500: 1. OHIif nonyqalOTc$I npH 60nbwlifx 1if36bITKax
KBr (pBr =0,9-1,3). I1HTepec K HIifM pe3KO B03pOC nocne TOro, KaK qmpMa
KO.llaK B HatJaJIe 80-x rr. BbmYCTlifna HOBbIe, 60nee cOBepIIIeHHbIe UBeTHbIe
1'1 tJepHo-6enble <poTOrpa<pH4ecKHe MareplifaJIbl, CO.llep)((alUlife otJeHb TOHKHe
KpIifCTaJInbl AgHal. B HaCTO$llUee BpeM$I pa3pa6OTaHbi MeTO.llbI ClifHTe3a nnoc-
KIifXAgCI, AgBr Iif AgBr(I)-KplifcTaJInOB [20]. POCT nnOCKIifX KpHCTaJInOB 06'b-
HCHHIOT 06pa30BaHlifeM .llBoilHIifKOBbIX KplifCTaJInOB Iif YBenliftJeHlifeM CKOpOCTIif
pocTa B HanpaBneHIifH nJIOCKOCTeil .llBoilHIifKOBaHHH. KaK npaBlifno, .llBoil-
HHKoaaHHIO nO.llBepralOTcH MHKpOKplifCTaJInbI C orpaHKoil (Ill), Y KOTOpbIX

6JIaro.IJ;ap$l a.llCOp6UHH HOHOB Br- HJlH opraHliftJeCKlifX COe.llHHeHlifil Ha OKTa-
3.IJ;pliftJecKoil nOBepxHocTIif 3aTOpMO)((eH pOCT 3THX rpaHeil. 06'b$lCHeHlife pOCTa
.IJ;BOHHIifKOBbIXKpHCTaJIJIOB IifB03HlifKHOBeHH$I pa3JIliftJHbiX <pOPM T -KpIifCTaJInOB
(rpeyronbHHKIif, IIIeCTHrpaHHHKH Iif rpeyrOJIbHIifKlif co cpe3aHHblMIif yrnat.m)
.llaHO B pa60Te oeppHMaHa H fepua [21]. EonbiliHil pOCT KplifCTaJIJIOB B Ha-
npaBnemm nJIOCKocTeij .llBOHHIifKOBaHIif$lCB$l3aH C TeM, 4TO OHIif BblXO.ll$lT
Ha nOBepXHOCTb MK B Blif.lle BXO.ll$llUero yrna, a B COOTBeTCTBIifHC .llaHHbIMIif
pHc.9 BXO)[(.zleHHeHOHa DO BxoMmHil .llByrpaHHblH yroJI (Ha plifC. 9 3TO COOT-
BeTcTByeT CTYneHH) 06JIeNeHO no cpaBHeHlif10 C HX OTJIO)((eHlifeM Ha rpaHIif.
3TO nOKa3aHO Ha pHc.42. KaK npaBlifno, 06pa3yeTc$I HeCKOJIbKO nnOCKO-
cTeH .IJ;BOHHIifK08aHIif$lIif 60KoBbie rpaHIif paCTYlUlifX KpHCTaJIJIOB OKa3bIBaIOTC$I
«3y6tJaTbIMH». B03HlifKalOT TaK Ha3blBaeMbie nOJIlifCHHTeTH4eCKlife .llBoilHIifKH
co CKna.llqaTbIMIif .lle<peKTaMIif (plifc.43). C4lifTaeTC$I [21], qTO CKOpOCTb po-
CTa 60KOBbiX rpaHeH onpe.llen$leTC$I qlifCnOM IifMelOmlifXC$I Ha HIifX BXO.ll$llUHX
yrnoB n Iif B Cpe.llHeM paBHa V = n· Yo, r.lle Vo - CKOpOCTb pOCTa 60KOBOH
rpaHIif C O.llHIifMBXO.ll$llUlifMyrnOM.

CornaCHO COBpeMeHHblM npe.llCTaBJIeHlif$lM POCT nnOCKIifX KplifCTaJIJIOB
BKnIO'IaeT B ce6$1 .llBe nOCne.llOBaTenbHble CTa.llIifIif: 1) 06pa30BaHlife .llBOHHIif-
KOBblX KpHCTaJInOB nplif CJIlifnaHIifH 3ap0.llblilieBblX MIifKpOKpIifCTaJInOB, KaK
npaBHJIO, C orpaHKoH (Ill) H 2) POCT .llBOHHIifKOBbIX3apO.llblilieil no nnOCKO-
CT$lM .llBoilHIifKOBaHIif$l [M. G. Antoniades, J. S. Wey, J. Imag. Sci. Technol., 39,
N2 4, c. 323, (1995)]. Halif60JIee KplifTlif4HOH HBn$leTC$InepBa$l CTa.llIifH,KOTOpM
3aBHClifT OT CO.llep)[(aHIifH )((eJIaTIifHbl, CKOpOCTIifnO.llaqlif peareHTOB, nepeMeIIIIif-
B~HH~I1\i>~,'pc~oBH\oft\ fIPHqlifHOH .IJ;BOHHIifKOBaHIif$lHBn$leTCH KYnOHOBCKoe
npIifTiI)((eH~e' np<imBonOnO)((HO 3ap'H)((eHHbiX 3ap0.llblilieBbIX MIifKpOKpIifCTaJI-

VI> V2

PRe. 42. CxeMa pOCTa nnOCKoro
KpJilCTanna B HanpaaneHJiIJiI nnoc-
KOCTJiI .!lBOHHJilKOBaHJilH

PHe.43. CxeMa IlOJIJilCHHTeTJiI'IeCKOrO
.!lBOHHJilKa B nnOCKOCTH (111). I, II,
III - IlJIOCKOCTH .!lBOHHHKOBaHIHI

nOB. nOKa3aHO, '1TO nnocKlife MK MOryT 6bITb nonyqeHbI He TonbKO npH
Hlif3K1ifX3HaqeHH$lX pBr, HO H npH pBr > 4,0, XOTH B 3TOM cnyqae BblXO.ll
rIJIOCKHX KpIifCTaJInOB MeHbwe.

Y:lKe OTMeqaJIOCb, qTO BnepBble MexaHH3M pOCTa nJIOCKHX KpHCTaJIJIOB 6bIJI
npe.llJlO:lKeH EeppHMaHOM H fepueM [21] B 1957 r., KOTopbIe OTMeTHnH, qTO npH
MHoroKpaTHoM .llBOHHIifKoBaHHH 06pa3yeTcH «BXO.ll$lmaH crpyKTypa,) - KnIifH-
)((en06, 06'b$lCH$llOma$l YCKopeHHblH 60KOBOH POCT KpHCTaJIJIOB. MacKac-
KH [22], BOCnOJIb30BaBWlifCb MeTO.llHKoH nlOMHHecueHTHoH MeTKIif, nO.llp06HO
npOCJIe.llHJI 3BOJIIOUlifIO 3epHa B npouecce POCTa. 06'be.llHHHB 3TH .llaHHble
C .llaHHbIMIif no KOJIHqeCTBY nJIOCKOCTeH .llBOMHHKOBaHHH B nJIOCKlifX MHKpO-
KpHCTaJInax pa3JIHqHOH <POPMbI, OH npe.llJlO)((Hn CJIe.llYlOlUYIOcxeMY pOCTa MK.

PaCTYlUHH KpHCTaJIn C .llBYM$I nJIOCKOCTHMH .llBOMHHKOBaHHH .llOJI)[(eH
HMeTb BXOMlUHe CrpYKTYPbl KnIifH-)((en06 C 4epe.llOBaHHeM CTPYKTYPA H B no
neplifMerpy (pHC. 44, a). HCHO, 4TO clifMMeTpHH CTpyKTYP A H B O.llHHaKOBa, qH-
CJIO BXO.ll$lmHXyrnoB paBHO, n03ToMy O.llHHaKOBbI 6y.llYT Iif CKOpOCTIifHX 60KO-
BOro pOCTa, T. e. TaKOM MK 6Y.lleT HMeTb <P0PMY IIIeCTHrpaHHHKa (pHC. 44, a).
ECJIH K TaKoMy «qeTHoMy» nJIOCKoMy KpHCTaJIny .ll06aBHTb eme O.llHY nJIOC-
KOCTb.llBOMHIifKOBaHHH,TO Y:lKeB03MO)((HbI .llBa THna CTpYKTYP60KOBbIX rpaHeH:
.llBOHHHKOBM nJIOCKOCTb .ll06aBnHeTCH «CBepxy» (CM. pHC. 44, 6) H .llBOMHIifKO-
Ba$l rIJIOCKOCTb.ll06aBnHeTCH «CHIif3Y» (pHC. 44,8). B 060HX cJIyqa$lx nOJIyqaeTc$I
B KOHeqHOM CqeTe TpeyrOJIbHaH cPopMa, TaK KaK rpaHH C 60nbwHM qHCJIOM
BXOMlUHX yrJIOB (no .llBa yrna Ha rpaH$lX B Ha pHc.44, 6 H A Ha pHC. 44, 6)
pacTYT 6blCTpee, qeM COOTBeTcTBylOWHe rpaHH C MeHbWHM qHCJIOM BXO.ll$llUlifX
yrnoB (no O.llHOMYyrny Ha rpaH$lX A Ha pHC. 44, 6 H B Ha pHC. 44, 6).

OqeBIif.llHO, qTO npH .ll06aBneHHIif eme O.llHOMnnOCKOCTH .llBOHHIifKOBaHH$I
K JII060MY H3- BapHaHTOB MK C HetJeTHblM qHCnOM nnOCKOCTeM nonyqalOTcH
CTpYKTYPbl 60KOBbIX rpaHeM C O.llHHaKOBoM CHMMeTplifeH, O.llHHaKOBblM tJHCJIOM
5 3aK, 65



BXO.LViIUI1X ymoBI1 O,aI1HaKOBbIMI1 CKOPOCnlMI1 pOCTa, qTO BHOBb npl1Bo,aI1T

K 06pa30BaHI11O IIIeCTI1rpaHHbIX MI1KpOKpl1CTaJIJIOB (Pl1c. 44, 2).
TaKI1M 06pa30M, MO)KHO C,aeJIaTb BbIBO,a, qTO npl1 qeTHOM ql1CJIe nJIOC-

KOCTeH ,aBOHHI1KOBaHI1R BblpaCTalOT IIIecTl1yrOJIbHI1KI1 (pl1c.44, a, 2), npl1

(A) t------A
(B) ~------i

BOB
A A

B

(A) $=:-:-:-1
(B) ~_:_:_:j

(A) ~-:-:-:j

(B)t:-:-:-4

A

:0
(A)f-::-::-j- --

(Blt-::-::-=j- --
PIle. 44. YCTOH'IHBbIe <llOPMbI 06pa3YIOIUHXCSI rurOCKHX MHKpoKpHCTlIJ1JIOB AgHai H
CTPYKTYPbI BXO.li.llIUHXyrJIOB (KJIHH - :lKeJIo6) A H B Ha 60KOBbIX rpaHSIx pacTyIUHX MK:
C ,llBywi rurOC~OCTgMH ,llBOHHHKOBaHHSI (a); C TpeTbeH rurOCKOCTblO ,llBOAHHKOBaHHSI
«CBepxy. (6); C TpeTbeH rurOCKOCTblO .nBOHHHKoBaHHSI «CHH3Y" (8) H C '1eTbIpbMSl
rurOCKOCTSIMH,llBOHHHKOBaHHg (2)

HeqeTHOM - TPeyroJIbHI1KI1 (pl1c.44, 6, 8). nOHSlTHO TaKXe, qTO npOMe)Ky-

TOqHble <l>OPMbI - yceqeHHble B Pa3HOH CTeneHI1 TPeyrOJIbHI1KI1 - MOryT

6bITb KaK eIUe «He ,a0POCIIII1MI1" TPeyroJIbHI1KaMI1, TaK 11 «He3aKOHqeHHbIMI1»

IIIeCHfrpaHHI1KaMI1 11 n03TOMY MOryr co,aep)KaTb KaK qeTHoe, TaK 11 HeqeTHOe

ql1CJIO nJIOCKOCTeH ,aBOHHI1KOBaHI1R. 113 3TI1X npOCTbIX paCCY)K,ll;eHI1H MO)K-

HO nOHRTb, nOqeMY B 06blqHbIX 3MYJIbCI1RX C nJIOCKI1MI1 MK npe06JIa,n;alOT

IIIecTl1yroJIbHble KP"CTaJIJIbI, nO-BI1,aI1MOMY, C ,aByMR nJIOCKOCTSlMI1 ,aBOHHI1-

KOBaHI1R. 3TO Hal1MeHbIIIee 113 B03MO)KHbIX ql1ceJI ,aBOHHHKOBbIX nJIOCKOCTeH,

npHBO.LViIUI1X K 06pa30BaHI11O BXO.LViIUero yrna, a nOToMy Hal160JIee BepORT-

Hoe. BepORTHOCTb 06pa30BaHI1R TPeTbeH nJIOCKOCTI1 C KOHeqHOH TPeyrOJIbHOH

<l>OPMOH 3epHa 3HaqHTeJIbHO MeHbIIIe.

3Haql1TeJIbHbIH HHTepec npe,aCTaBJIRIOT KOHTPOJIl1pyeMbIe CI1HTe3bI KP"-

CTaJIJIOB AgHal, B KOTOPbIX <l>H3HqeCKHe CBOHCTBa H3MeHRIOTCR no onpe,aeJIeH-

HOMy 3aKoHy no 06'beMy KPI1CTaJIJIa, Hanpl1Mep, 3a C'leT Bapbl1pOBaHI1R raJIore-

HH,lI;HOrO COCTaBa. Pe'lb H,lI;eT 0 CBoe06pa3HOH apXI1TeKTYPe MK AgHal, B TOM

QI1CJIe 0 CJIOI1CTbIX MI1KPOKPI1CTaJIJIax AgHall1JIH MK THna «SI,lI;pO-060JIO'lKa,.

(core-shell). B TaKHX KOMn03HUHOHHbIX KPHCTaJIJIax OT,aeJIbHbIe CJIOI1 OTJII1-

'laIOTCR .apyr OT ,apyra raJIOreHH,lI;HbIM COCTaBOM. B Ka'leCTBe npHMepa MO)KHO

npHBeCTI1 MI1KPOKPHCTaJIJIbI, g.apa KOTOPbIX COCTORT 113 AgBr, a nOBepXHOCT-

HbIH CJIOH H3 AgCI (AgBr/AgCI) [I, c. 105] (pHc.45, a). H3BecTHbI CJIOHCTbIe

CTPYKTYPbI AgBr/AgI 11AgBr(I)/AgBr. CJIOHCTble CTPYKTYPbI C JIaTepaJIbHbIMI1

(60KOBbIMH) 060JIO'lKaMI1 Pa3JII1'lHOro raJIOreHH,lI;Horo COCTaBa onHcaHbI .aJIR

nJIOCKHX MHKPOKPI1CTaJIJIOB. B OCHOBe CHHTe3a TaKHX KpHCTaJIJIOB JIe)KJ1T 3nH-

TaKCHaJIbHbIH (no npl1HUHny COOTBeTCTBHR KPI1CTaJIJIH.tIeCKHX peIIIeToK) pOCT

CJIOeB. Onl1CaHO nOJIyqeHHe MHOrocJIOHHbIX CTPYKTYP MK C TPeMR H 60JIbIIII1M

KOJIH'leCTBOM CJIoeB pa3JI11'lHoro raJIOreHH,lI;Horo COCTaBa (pHc.45, 6).
CJIOI1CTbIe CTPYKTYPbI MI1KPOKPHCTaJIJIOB AgHal HMelOT pSl,ll; OCo6eHHO-

CTeit <l>0T0<l>11311'leCKHX CBO}tCTB. ~R HI1X, Hanpl1Mep, XapaKTepHO H3MeHe-

Hl1e nOJIO)KeHHSI 3JIeKTPOHHbIX 30H npH nepexo,ae 113 O,aHOro CJIOR B ,apyroit

(Pl1c. 45, a), 'lTO CYIUeCTBeHHO BJII1S1eTHa,aBI1)KeHl1e <l>0T03JIeKTPOHOB l1,ablpOK

B KPHCTaJIJIe 11, CJIe,noBaTeJIbHO, Ha MexaHI13M 06pa30BaHI1S1 CKPblTOro 1130-

6paxeHHR. HanpHMep,,nJIR CTPYKTYPbI AgBr/AgCI, nOKa3aHHoit Ha PI1C. 45, a,
,nbIpKa, 06pa3YIOIUaSICSI npH <l>0T0B036y)K,l1;eHI1H AgCI, 3axBaTbIBaeTCR AgBr

Ha rpaHl1ue pa3,neJIa <l>a3, T. e. B rny611He MIKPOKP"CTaJIJIa. DJIaro,napR 3TOMy

YMeHbIIIaeTCR BepORTHOCTb peKoM611HaUI111 <l>oT03JIeKTPOHOB H ,nbIPOK, 11, KaK

CJIe,ncTBl1e, B03paCTaeT cBeToqyBcTBI1TeJIbHOCTb.

3nl1TaKCI1aJIbHbIe CTPYKTYPbI raJIOreHH,lI;OB cepe6pa MOryr He 06pa30BbI-

BaTb CnJIOIIIHoro CJIOR, a CYIUeCTBOBaTb B BH,ne OT,neJIbHbIX HapOCTOB Ha no-

BePXHOCTH KpHCTaJIJIa-X03RHHa (pHC. 45, 8).

11, HaKoHeu, B KaQeCTBe I1JIJIIOCTPaUl111 HaH60JIee CJIO)KHbIX <l>OpM AgHal

npl1Be,neM <l>oTorpa<l>HH MHKPOKPI1CTaJIJIOB AgBr, nOJIyqeHHbIx HeTpa,nI1UHOH-

HbIM MeTo,nOM npl1 peaKUI1H 6pOMOpraHI1'leCKoro coe,nHHeHHSI C AgN03 npH

t = 20°C [23, 24]. Ha pHc.46 nOKa3aHbI MI1~OKPI1CTaJIJIbI AgBr, 06pa3YIO-

UUt:ecSI npH peaKUl111 6POMYKCYCHOH KI1CJIOTbI C AgN03. B ,aaHHOM CJIyqae HC-
5*



PHc.46. OKTa<!>0pHbIeMHKpOKpHCTllJIJIblAgBr, 110JIY'IeHHble110peaKUHH 6pOMYKCyC-
HOHKHCJ10TblC AgN03 [23]

6 6

PHc.45. 311HTaKCHaJIbHbleMHKPOKpHCTllJIJIbIAgHal: MHKpOKpHCTllJIJIbIT1ma «MPO-
060J10'IKa», cxeMa 3J1eKTpOHHbIX30H KpHCTllJIJIaAgBrjAgCl (a); MHOrOCJ10HHbIH
MHKpOKpHCTllJIJIAgCljAgBr/AgBr(I) (6); 311HTaKCHaJIbHbIHKpHCTllJIJITHIla «rOCTb-
X03HHH»(6)

TO'IHllKOM llOHOB Br- CJIy)l(llJIO 6pOMopraHlllleCKoe COe,ll,llHeHlle no peaKllllll:

BrCH2C(O)OH + AgN03 + H20 ----> AgBr + HOCH2C(O)OH + HN03 (5)
1

MllKPOKPHCTaJIJIhI llMeIOT <pOpMy BOChMH JIyqeM, HCXO,ll,}lIUHXH3 Bep-
IlIHH 3apOLlhIllieBoro KY6a. OHli 6hIJIH Ha3BaHhI oKmapOpaMu OT rpeqeCKoro
OIX7(~XllpOpc'W - «HeCYIUHe BoceMh») llJIli COKpalUeHHo O-KpHCTaJIJIaMH.
npH ,ll,aJIhHeMllieM pOCTe KP"CTaJIJIhI npHo6peTaIOT BliLl LleH,ll,pHToB, npH 3TOM
Ka:lK):lhIMJIyq HMeeT rpeyroJIhHOe CeqeHHe (pHc.47). OCHOBHbIM xapaKTep-
HhIM CBOMCTBOMTaKliX Kp"CTaJIJIOB }lBJ!}leTC}lBbICOKopa3BHTa}l nOBepXHOCTh,
6JIaroLlap}l KOTOPOMnOrJIOlUeHHe CBeTa HMH 3HaqllTeJIhHO 60JIbllIe, qeM Tpa-
LlllllHOHHbIMH o6beMHbIMli MllKpOKpliCTaJIJIaMH. JIyqH KpHCTaJIJIa CJIy)l(aT KaK
6hI aHTeHHaMH, co6HpaIOlUHMll CBeT. no cBoeMy BliLlY TaKHe KpHCTaJIJIhI
npH6JIH)I(aIOTCH K LleHLlPHTHbIMcrpyKTypaM paCTeHHM H CKopee HanOMHHaIOT

PHc.47. OKTa<!>opHbIHMliKPOKPliCTllJIJIAgBr .neH,llpIiTHOH<!>OPMbI(a) H .neH,llpIiTHaH
ctK>PMaKaKTyca (6)

XBoIO HJIH KaKTyChI (pHC. 47). CJIO)l(Hhle <pOPMbI )I(HBbIXpacTeHliH onpaBLlaHbI
OqeBH,ll,HOHlleJIbIO - MaKCHMaJIbHO pa3BHTb nOBepxHocTh, qTo6hI B HaH6oJIb-
meM Mepe llCnOJIb30BaTb LlapoBaHHyIO COJIHlleM 3HeprHIO MH LlaJIbHeHllIero



pOCTa H pa3BHTHH. O.llHaKO, .lllIH KpHCTaJIJIOB AgHal, T. e . .lllIH He)I(HBOH
MaTepHH, HeT CTOJIb OqeBH,llHOH ueJIH, XOTHAgBr TaK)I(e OTHOCHTCHK CBeTO-
qYBCTBHTeJIbHblM CHCTeMaM. TeM 60JIee Y.llHBHTeJIbHbl CJIOXHbIe cPOPMbl .lllIH
KpHCTaJIJIOB, peWeTKa KOTOPblX .llHKTYeT MaKCHMaJIbHblH BbmrpbIW 3HepmH
npH 06pa30BaHHH CTPYKTYPC MHHHMaJIbHOH nOBepXHOCTbIO.

B pa60Tax [23, 24] BblCKa3aHO npe.llnOJIO)I(eHHe, qTO POCT Heo6bIqHbIX
cPOPM MHKPOKPHCTaJIJIOB BKJIIOqaeT B ce6H .llBe CTa,llHH: 1) 06pa30BaHHe
orpaHeHHblx 3ap0.llbIweBbIx KPHCTaJIJIOB H 2) aHH30TPOnHblH POCT BepUIHH
3ap0.llbIweBbIX KpHCTaJIJIOB. )J.nH nO.llTBep)I(,lleHHH mnOTe3bl 6bmH BbIpame-
HbI 3ap0.llbIWeBble MK AgBr C onpe.lleJIeHHOH orpaHKoH TPa,llHUHOHHbIM
MeTO.llOM.llBYXCTPyHHOHKOHTPOJIHPyeMoH KPHCTaJIJIH3aUHH. 3TH KpHCTaJIJIbI
CJIy)I(HJIH 3ap0.llbIWaMH .lllIH nocne.llYIOmero pOCTa AgBr npH peaKUHH 6po-
MYKCYCHOitKHCJIOTbl C AgN03• IIoKa3aHo, qTO B CJIyqae 3ap0.llbIWeBblx Ky60B
(l = 1,0 MKM) B COOTaeTCTBHH C paCCMQTPeHHOH MO.lleJIbIO 06pa30BbIBaJIHCb
OKTacPopbl (pHc.48, a). IIpH HCnOJIb30BaHHH B KaqeCTBe 3apO.llbIweit OKTa-
3.llPOB Ha6JIIO.llaJIH pOCT weCTH JIyqeit H3 weCTH BepWHH KPHCTaJIJIa C 06pa30-
BaHHeM zeKca,pop06 (pHc.48, 6). 11, HaKOHeu, B CJIyqae KY600KTa3.llpHqeCKHX
3apO.llbIweit C 24 aepWHHaMH (KY6 co cpe3aHHbIMH aepwHHaMH) BbIpaCTa-
JIH KPHCTaJIJIbI C 24 JIyqaMH - aUaOaeKa,popbl (pHc.48, 6). TaKHM 06pa30M,
OTKPblBaeTCH nyrb CHHTe3a nOAU,popUblX KpHCTaJIJIOBC qHCJIOMJIyqeit, onpe.lle-

I
I

{i1,,,,I'1(':
r ...' ...•.. ,-

e ,;.
:.. "I..~

.~•• J {f '-'
I

1 MKM 10 MKM 10 MKM

Pile. 48. nOJlH<l>opHble MHKpOKpHCTaJIJlbl AgBr: OKTa<l>opbl (a), reKca<l>opbl (6) H llH-
llolleKa<l>opbl (8)

JIHeMblM KOJIHqeCTBOM BepWHH 3ap0.llbIweBbIX MHKPOKPHCTaJIJIOB. B KaqeCTBe
6pOMOpraHHqeCKHX BemeCTB 6bIJIH HCnOJIb30BaHbI pa3JIHqHble 6POMKap6oHO-
Bble H .llpyrHe KHCJIOTbl, a TaK)I(e HX COJIH (HanpHMep, BrCH2CH2S03Na).

3aMeqaTeJIbHbIit npHMep CHHTe3a MK AgHal CJIO)I(HOrO CTPoeHHH npH-
Be.lleH M.l1pBHHroM [25]. 11M CHHTe3HpOBaHbI MK C BHyrpeHHHMH ny-
CTOTaMH (hollow crystals). )J.nH 3Toro HCnOJIb30BaH 3nHTaKCHaJIbHbIit pOCT
ilJIOCKHXMK AgBr(I) Ha rpaHHX CpOCWHXCH 6HnHpaMH.llaJIbHblX 3apO.llblweit
AgI TeTPa3.llpHqeCKoit CHMMeTPHH (pHc.49). B pe3YJIbTaTe cpaCTaHHH nJIOC-
KHX KPHCTaJIJIOB AgBr(I) cPOpMHpOBaJIaCb nOJIH3.llpHqeCKaH 060JIOqKa nOJIoro
KPHCTaJIJIa (pHC. 49).
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Pile. 49. 3nHTaKCHaJlbHbiR POCT nJlOCKHX AgBr(I) -MHKpOKpHCTaJIJIOB Ha rpaHHX (0001)
CpocWHXCH 6HnHpaMH,llaJIbHblX 3apollbiweR AgI [25]

IIpH H3roTOBJIeHHH cPoTorpacPHqeCKoit 3MYJIbCHH H npH HaHeceHHH cPo-
rorpacPHqeCKHX CJIOeB HCnOJIb3yeTcH )I(eJIaTHHa. <I>yHKUHH )I(eJIaTHHbI MHO-
r006pa3HbI. Bo BpeMH KpHCTaJIJIH3aUHH OHa BbIllOJIHHeT POJIb cpe.llbl C KOJI-
JIOH,llHO-3amHTHbIMH CBoitcTBaMH, peryJIHpYIOmeH POCT MHKpOKPHCTaJIJIOB
H npH.llaIOmeit KOJIJIOH.llHYIOcTa6HJIbHOCTb B3BeCH. IIpH H3fOTOBJIeHHH cP0TO-
CJIOeB OHa HBJIHeTCHnp03paqHOH cpe.lloit (MaTPHueit), n03BOJIHIOmeit nOJIHTb
3MYJIbCHIO TOHKHM CJIOeM Ha nO.llllO)I(KY, BbICYWHTb ero H npH.llaTb He-
06XO.llHMbIe npOqHOCTHble xapaKTepHCTHKH. 3THM H .llpyrnM TPe60BaHHHM,
HanpHMep, cnoc06HOCTbIO K Ha6yxaHHIO B BO.lle, n03BOJIHIOmeit npOBO.llHTb
XHMHKO-cPOTorpacPHqeCKYIO 06pa60TKY 3KcnOHHpOBaHHblX cPOTOCJIOeB, )I(e-
JIaTHHa Y.llOBJIeTBOpHeT HaCTOJIbKO nOJIHO, qTO H nOCJIe CTa .llBa,lluaTH JIeT
HCnOJIb30BaHHH B cPOTorpacPHH OHa npeBOCXO.llHT .llpyme BemeCTBa TOro )I(e
Ha3HaqeHHH [1, c.55]. IIonbITKH 3aMeHHTb ee CHHTeTHqeCKHMH nOJIHMepaMH
.!lO HaCTOHIUero BpeMeHH He YBeHqaJIHCb ycnexoM H AgHal-3MyJIbCHH .llO CHX
nop npaKTHqeCKH nOJIHOCTbIO H3roTaBmmaIOT Ha )I(eJIaTHHe.

)l(eJIaTHHY nOJIyqaIOT H3 6eJIKa KOAAazeua. KOJIJIareH - 6eJIOK 6HOJIOm-
qeCI<oro npOHCXO)I(,lleHHH. OH HBJlHeTCH3JIeMeHTOM COe.llHHHTeJIbHblX TKaHeH



)1(]fBOTHhIX IllKYPhI, KOCTeH, XpHIlleH, cyxmKHJIHH, CBH30K H T.Jl. 6eJIKH
(npOTeHHhI) npeJlCTaBJIH:IOT C060H BhICOKOMOJIeKyJIHpHhle npHpOJlHhle CO-,
eJlHHeHHH - npOJlYKThI nOJIHKOHJleHCallHH aMHHOKHCJIOT. npaKTH'IeCKH BCe
6eJIKH nOCTPOeHhI H3 20 o-aMHHOKHCJIOT. AMHHOKHCJIOThI - Kap60HoBhle KH-
CJIOThI, COJlepxaillHe OJlHY HJIH HeCKOJIhKO aMHHorpynn. B 3aBHCHMOCTH OT no-
JIO)l(eHHH aMHHorpynn OTHOCHTeJIhHO Kap60KCHJIa pa3JIH'IaIOT 0, 13, 'Y H T.Jl.
aMHHOKHCJ10ThI. npOcTeHIllHM npeJlCTaBHTeJIeM o-aMHHOKHCJIOThI HBJIHeTCH
ZJlUU,UH

~O
NH2CH2C " OH (VI)

npHBeJleM <pOpMyJIY o-aMHHOKHCJIOThI AU3UHa C JlByMH aMHHorpynnaMH '
H2N(CH2)4CH(NH2)COOH. B MOJIeKyJIax 6eJ1Ka COTHH H Jla)l(e ThICH'IH
o-aMHHOKHCJIOT (O'leHh peJlKO j3·aMHHOIQICJIOT) coeJlHHeHhI Jlpyr C JlpyroM

. ~O
KeTOHMHJlHhIMH (nenTHJlHhIMH) CBH3HMH (-C,NH-), 06pa3YH JlJIHHHhle
llenH maBHhlX BaJIeHTHOCTeH - nOJIHnenTHJlHhre llenH:

-C(O)-NH- Cr -C(O)-~H- Cr -C(O)NH- Cr -C(O)- (VII)

R1 RII RIll

rJle R1-RIII H T.Jl. 60KoBhle rpynnhI HJIH 60KoBhle uenH y OTJleJIhHhIX aMH-
HOKHCJIOTHhIX OCTaTKOB. nenTHJlHhle CBH3H 06pa3YIOTcH nYTeM OTillenJIeHHH
BOJlhI OT Kap60KCHJIhHOH rpynnhlo,aHoH aMHHOKHCJIOThI H aMHHorpynnhr
JlpyroH. AMHHOKHCJIOThI, 06pa3YIOillHe rJIaBHyIO uenh MaKpOMOJIeKyJIhI )l(eJIa-
THHhI, MO)I(HO yCJIOBHO pa3JleJIHTh Ha JlBa THna: HMeIOillHe B CBoeM COCTaBe
TOJIhKO ymeBOJlOpOJlHhle pa.uHKaJIhI R H HMeIOillHe <PYHKUHOHaJIhHhre rpynnhI,
HanpHMep,

-NH2, -COOH, -C(O)NH2 H Jlp.

[HJlpaTaUHH aMHHOKHCJIOT nepBoro H BToporo THnOB CHJIhHO pa3JIH'IaeTCH.
TaK, aMHHOKHCJIOTHhle OCTaTKH C ymeBOJlOpOJlHhIMH pa.uHKaJIaMH HBJIHIOTCH
fHJlPO<p06HhIMH, TOrJla KaK aMHHOKHCJIOThI C nOJIHpHhIMH rpynnaMH - rH-
JlP0<pHJIhHhIMH. MOJIeKyJIa )l(eJIaTHHhI 06JIa.uaeT aM<poTepHhIMH CBoHcTBaMH.
B illeJIO'lHOH cpe.ae MOJIeKyJIa )l(eJIaTHHhI npH06peTaeT 0TPHuaTeJIhHhIH 3apHJl
B pe3YJIhTaTe .aHCCOUHaUHH Kap60KCHJIhHOH rpynnhI:

)I(-COOH + OH- +-+ )I(-COO- + H20

B KHCJIOTHOHcpe.ae 3a C'IeT TOro, 'ITO aMHHorpynnhI )l(eJIaTHHhI npHCOeJlHHHIOT
HOHhr Bo.aopo.aa, MOJIeKyJIa npH06peTaeT nOJIO)l(HTeJIhHhIH 3apHJl:

)I(-NH2 + H+ +-+ )I(-NHj

nO'ITH TO'lHO TPeTh aMHHOKHCJIOTHhIX OCTaTKOB KOJIJIareHa 06pa30Ba-
Ha mHUHHOM. HenOJIHpHhle HJIH rH.aPO<po6Hhle aMHHOKHCJIOTHhre OCTaTKH
COCTaBJIHIOT He MeHee .aByX TpeTeH Bcex aMHHOKHCJIOT. AMHHOKHCJIOTHhrU
COCTaB KOJIJIareHa onpeJleJIHeTCH ero npOHCXO)l(JleHHeM.

MOJIeKyJIHpHaH CTPyKTYpa KOJIJIareHa XOpOillO H3yqeHa: MOJIeKyJIa COCTO-
HT H3 TPex ueneH C nO'lm o.aHHaKOBoH MOJIeKyJIHpHOH MaCCOH (::::::95000),
o6pa3YIOillHx TPOHHYIO CnHpaJIhHyIO CTPyKTypy (pHc.50, 6); 06illaH MOJIeKy-
JIHpHaH Macca 6JIH3Ka K 285000. CocTaBHhle 'IaCTH MOJIeKyJIhI - o-uenH -
BbI.aeJIHIOTCH npH TenJIOBOH 06pa60TKe KOJIJIareHa (npouecc JleHaTYpaUHH).
npH .aeHaTypaUHH pa3pYIllaIOTcH Me)l(MOJIeKyJIHpHble CBH3H Me)KJJ;y OTJleJIh-
HhIMH o-uenHMH KOJIJIareHa, KOTophle 06YCJIOBJIeHhI BO.aOPO.aHhIMH CBH3HMH
Me)KJJ;y npoToHo.aOHOpHhIMH H npoToHoaKuenTopHbIMH <PYHKUHOHaJIhHhIMH
rpynnaMH MOJIeKyJI (COOH, NH2, OH, C(O)NH2 H JlP.), a TaK)l(e .aH-

BeJIOK
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_~c. 50. Pa3JIH'IHbIe ypOBHI1opraHH3aUHH KOJIJIareHOBoro 6eJIKa: a) yqacToK KOJIJIa-
r/eHa c rrOrrepe'lHOH CIllI1BKOH,6) MOJIeKyJUlpHbIH::lJleMeHT113Tpex uerreH, 6) TpH BlUla
lKeJIaTHHOBbIXMOJIeKyJI,06pa3YJOIUI1xcSIrrpH TeI1JIOBOH)],eHaTypaUHH
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nOJIhHhIMJiI B3aJilMO.neHCTBJilHMJiI.TIepexo.n KOJIJIareHa B )l(eJIaTJilHY npJilBo.nJilT
K 06pa30BaHJilIO CMeCJiIJil3 O.nJilHO'-lHhIX0-, .nBOHHhIX f3- JiI TpOHHhIX 1-ueneH
Jil3-3a COXpaHeHJilH '-IaCTJiIBaJIeHTHhlX CBH3eH Me)l(.lI;yuenHMJiI npJil yMepeHHhIX
YCJIOBJilHX06pa60TKJiI (PJilc. 50, 6).

HCTO'-lHJilKOMKOJIJIareHa .nJIH <pOTorpa<pJiI'-IeCKJilX)l(eJIaTJilH CJIy)l(aT KOCTJiI
JiI llIKYPhI KpynHoro poraToro CKOTa. MJilHepaJIhHOe BeIlleCTBO KOCTeH - m-
.npOKCJilannaTJilT - Jil3BJIeKaeTCHKJilCJIOTOHC 06pa30BaHJileM OCCeUHa - .neMJiI-
HepaJIJil30BaHHOH KOCTH. IlIKYPhI JiIKOCTJiInpO.nOJI)I(JilTeJIhHO06pa6aThIBaIOTCH
IIleJIO'-lhIO, 06hI'-IHO HaChIIIleHHhIM paCTBOpOM Jil3BeCTJiI(pH ~ 12) B Te'-leHJile
MeCHueB .nJIH pa3pYIlleHJilH HeKoTophIX BHYTpJil- JiIMe)l(MOJIeKYJIHpHhIXCBH3eH.
)].aJIee CJIe.nyeT .nOBe.neHJile pH .no HeHTpaJIhHOrO JilJIJiIcJIa60 KJilCJIOrO 3Ha-
'-IeHJilH " TeMneparypHaH 06pa60TKa. KpoMe IIleJIO'-lHOH 06pa60TKJiI JilHor.na
npHMeHHIOT KJilCJIOTHyIO(cBJilHhle llIKYPhI).

TIOJIY'-IeHHhle paCTBophI )l(eJIaTJilHhI .nOBO.D;HT.no Tpe6yeMoro 3Ha'-leHJilH pH
(.nJIH <poTOrpa<pJiI'-IeCKJilX)l(eJIaTJilH .no 5-6), <pJilJIhTpYIOT, KOHueHTpJilpyIOT,
CTY.neHHTJiIBhICYllIJilBaIOT.AMJilHOKJilCJIOTHhIHCOCTaB)l(eJIaTJilHhI JiIKOJIJIareHO-
BOro ChlphH nO'-lTJiIo.nJilHaKOB. TIPH IIleJIO'-lHOH 06pa60TKe npOJilCxo.nHT nO'-lTJiI
nOJIHaH nOTepH aMH.D;HOrOa30Ta B 60KOBhIX uenHX, npJil KJilCJIOTHOH- OHa
3Ha'-lJilTeJIhHOMeHhllIe. H303JIeKTpH'-IeCKaH TO'-lKa (3Ha'-leHJile pH, npJil KOTOpOM
)l(eJIaTJilHa 06JIa,llaeT CYMMapHhIM HyJIeBhIM 3apMOM B paCTBope, He co.nep)l(a-
IIleM JilOHOB,KpOMe H+ JiIOH-) IIleJIO'-lHOH)l(eJIaTJilHhI JIe)l(HT B JilHTepBaJIe pH
4,5-6,0, a KJilCJIOTHOH- CMeilleHa B IIleJIO'-lHyIO 06JIaCTh pH 8,5-9,0.

)].JIH KOHueHTpJilpOBaHHhIX paCTBopOB )l(eJIaTJilHhI xapaKTepHO 06pa30Ba-
HJile npO'-lHOro cmyaun npJil OXJI~eHJilJiI. 80 BpeMH cTy.neHeHJilH 3a C'-IeT
06pa30BaHJilH nOnepe'-lHhIX CBH3eH (npouecc 06paTHoH .neHaTypaUJilJil) BH3-
KOCTh paCTBopa nOBhlIIIaeTCH JiIB TO'-lKe CTY.neHeHJilHOHa CKa'-lKOMB03paCTaeT
.no 6eCKOHe'-lHO 60JIhllIOH.

<l>oTorpa<pJiI'-IeCKaH aKTJilBHOCTh)l(eJIaTJilHhI 3aBJilCJilT60JIhllIe OT BeIlleCTB,
CBH3aHHhIX C HeH, '-IeM OT caMOH 6eJIKOBOH MOJIeKYJIhI [1, c. 72]. AKTJilBHhle
rpynnhI MOJIeKYJIhITaK)l(e JilrpaIOT pOJIh, HO OCHOBHoe .neHCTBJile)l(eJIaTHHhI 06y-
CJIOBJIeHO npJilMeCHMJiI. Oc06yIO POJIh JilrpaIOT cepoco.nep)l(aIllJile coe.nJilHeHHH
(TJilOCYJIh<PaTHaTpJilH, TJilOMO'-leBJilHaJiI .np.), JIa6Ji1JIhHaH cepa KOTOphIX MO)l(eT
Y'-IaCTBOBaThB 06pa30BaHJiIJiI npJilMeCHhIX ueHTpOB TJilna (Ag2S)n Ha MJilKpOKpJil-
CTaJIJIaXAgHal. TIpJilMeCHhle ueHTphI, KaK MhI nOKmKeM .naJIee, BJIJilHIOTHa <pop-
MJilpOBaHJile <poTOrpa<pJiI'-IeCKJilXCBOHCTB3MYJIhCJilH. Co.nep)l(aHJile cepoco.nep-
)l(aIllJilX coe.nJilHeHJilH cTporo KOHTpOJIJilpyeTcH JiI no KOJIJiI'-IecTByJilX)l(eJIaTHHhI
.neJIHT Ha JilHepTHhle (MaJIOe co.nep)l(aHJile Na2S203, 1,5 Mr Na2S203/100 r B03-
.nYllIHO CyXOH )l(eJIaTJilHhI), cpe.nHJile (8,5 Mr Na2S203/100 r) JiIaKTJilBHhIe JilJIH
6hICTphle (rv 17,0 Mr Na2S203/100 r). TepMJilH «JilHepTHaH» OTHOCHTCHK )l(eJIa-
THHe, JIHllIeHHOH ceHcJil6Ji1JIJil3HpYIOilleHJiIBYaJIHpyIOilleH aKTJilBHOCTJiI[1, c. 78].
KaK npaBJilJIO, ueJIeC006pa3Ho npJilMeHeHJile JilHepTHhIX )l(eJIaTJilH C KOHTpO-
JIJilpyeMhIM nOCJIe.nYIOIIlJilMBBe.neHJileM B HJilXNa2S203 nepe.n 06pa30BaHJileM

npHMeCHhlX ueHTpOB BO BpeMH, TaK Ha3hIBaeMoro, XHMJiI'-IeCKOrOC03peBaHJilH
3MYJIhCHH. KpoMe cepoco.nep)l(aIllJilX BeIlleCTB, KOHTpOJIJilpyeTcH co.nep)l(aHJile
BocCTaHOBJilTeJIeH (pe.nYKTOHOB: aJIh.nerJil.nhI, aMJiIHocaxapa, CYJIh<pJilThIJiI .lI.p.),

KOTophle MOryT BOCCTaHaBJIJilBaTh JilOHhI Ag+ C 06pa30BaHJileM cepe6pHHhiX
ueHTpOB ByaJIJiI, a TaK)l(e JilOHOBHeKOTophIX MeTaJIJIOB (B '-IaCTHOCTJiI,Ca2+).

Oc060e 3Ha'-leHJile JilMeeT m.npoQ:>o6HO-rH.D;poQ:>JilJIhHhIH6aJIaHC B )l(eJIa-
TJilHaX, KOTOphIH onpe.neJIHeTCH MOJIeKYJIHpHO-MaCCOBhIMco.nep)l(aHJileM 1, f3
JiI a-<ppaKUHH B COCTaBe )l(eJIaTJilHhI. MOJIeKYJIHpHO-MaccoBhIH COCTaB B 3Ha-
'-IJilTeJIhHOHMepe 3aBJilCJilTOT npo.nOJI)I(JilTeJIhHOCTH CTa,llJilJilMauepaUHJiI, T. e.
OT CTa,llJilJilnOJIY'-IeHJilHOCCeJilHa.

<l>oTorpa<pJiI'-IeCKJile 3MYJIhCJiIJiI'-IaCTO ceHcJil6Ji1JIJil3Ji1PYIOTCOJIHMJiI6JIaro-
PO.nHhIX MeTaJIJIOB (Au+, Pt2+, Pd2+ JiI .nP.). )].eHCTBJile JilOHOB MeTaJIJIOB BO
MHorOM 3aBJilCJilTOT JilX cnoc06HoCTJiI peampoBaTh C )l(eJIaTJilHoH. OCHoBHaH
'-IaCTh rpynn, BCTYnaIOIIlJilX BO B3aHMo.neHcTBHe C JilOHaMJiI MeTaJIJIOB, npJil-
Ha.nne)l(JilT 6eJIKOBhIM MOJIeKYJIaM [1, c. 75]. OHJiI 06pa3YIOT KOMnJIeKChI KaK
C JilOHaMJiIAg+, TaK H .npymx 6JIaropo.nHhIX MeTaJIJIOB (HanpJilMep, 06pa3YIOTcH
KOMnJIeKCHhle coe.nJilHeHJilH - )l(eJIaTJilHaTbI cepe6pa).

C'-IJilTaeTCH, '-ITO )l(eJIaTHHa a,llCop6Ji1pyeTcH Ha MJilKpO-
KpJilCTaJIJIe AgHal HeCKOJIbKJilMJiInOJIHpHhIMH rpynnaMJiI,
a OCTaJIbHaH '-IaCTh ee HaxO.nJilTCHB pacTBope B BH.D;eCOJIb-
BaTJilpOBaHHbIXneTeJIb JiIcerMeHTOB (PJilc. 51) [1, c. 37]. TIe-
TJIJiIJiI uenO'-lKJiI, BhICTYnaIOillHe B paCTBOp C nOBepXHOCTJiI
'-IaCTJilU,MellIaIOT JilXC6JIJiI)I(eHJilIOH cnoc06cTBYIOT TeM ca-
MbIM KOJIJIOJil.nHOHcTa6Ji1JIJil3aUHH 3MYJIbCJilJiI.KOJIJIOH.nHaH
3aIllJilTa MJilKpOKpJilCTaJIJIOBCOCTOHT B 06pa30BaHHH nJIOT-

HoynaKoBaHHoro a,llCOp6UHoHHoro CJIOHTOJIIIIHHOA 5-8 A,
Ha KOTOpOMMOryT a,llCOp6Ji1pOBaTbCH.npyrne MOJIeKYJIbI)l(e-

JIaTHHbl, 06pa3yH 060JIO'-lKY 06I1leH TOJIIIlHHOH 25-40 A.
A.nCOp6UHH )l(eJIaTJilHhI 3aBHCJilTOT pH H 3apMa nOBepXHOcTJiI MHKpOKpH-

CTaJIJIOBAgHal. HaH60JIhllIee KOJIJiI'-IeCTBO)l(eJIaTHHbI a,llCop6Ji1pyeTcH B H30-
3JIeKTpJil'-leCKOH TO'lKe, Kor.na MOJIeKYJIhI MOryT pacnOJIaraThCH CJIY'-IaHHbIM
o6pa30M. TIo o6e CTOPOHbI OT Jil303JIeKTpJil'-leCKOH TO'lKH )l(eJIaTJilHa HeceT
3JIeKTpJil'-leCKJilH3apH.n, MOJIeKYJIhIynaKoBbIBaIOTCH MeHee nJIOTHO JiI KOJIH'le-
CTBOa,llCOp6HpoBaHHoH )l(eJIaTHHhI YMeHbllIaeTCH. A.ncop6HpoBaHHhIH H3 pac-
TBopa CJIOH )l(eJIaTHHhI B 10 pa3 TOJIIIle .nBoHHoro 3JIeKTpJil'-leCKoro CJIOH
y nOBepXHOCTJiIAgHal.

A.ncop6uHoHHble CJIOH)l(eJIaTHHhI BCJIe.nCTBHeHX nopHCTOCTH npOHJiluae-
MhI .nJIHHe60JIhllIHX MOJIeKYJI- XHMH'-IeCKJilXH cneKTpaJIbHbIX CeHCH6Ji1JIJil3a-
TOpOB, aHTJilByaJIeHTOB, npOHBJIHIOIIlHXJiI<pJilKCJilPYIOIIlJilXBeIlleCTB. DJIaro.napH
3TOMy BeIlleCTBa MOryT JIerKO npeo.nOJIeBaTh )l(eJIaTJilHOBhIH6aphep H .nOCTHraTh
MJilKPOKPJilCTaJIJIOBAgHal, BCTYnaH C HHMH BO B3aJilMo.neHCTBHe.

4*

PHc.51. CxeMa
lUlcop6uHH )l(eJIa-
THHbI Ha MHKpO-
KpHCTaJIJIe AgHal



ITPlf KPlfCTaJVIlf3aUlflf AgHal nOqTlf BCer,lla HCnOJIb3YIOT )KeJIaTHHy. Au-
COp6HPYHCb Ha B03HHKaIOLUHX 3apO,llbllliaX AgHal, OHa BJIlfHeT Ha HX POCT,

a CJIe,llOBaTeJIbHO, Ha pa3Mepbl, <pOpMy H Ha pacnpe.ueJIeHHe no pa3MepaM.

Oco6eHHO BaxHa POJIb )KeJIaTHHbl npH pOCTe T-KpHCTaJIJIOB Ha CTa,llHlf CJIH-

naHHH 3apO,llblllieH H <pOpMHpOBaHHH nJIOCKOCTeH ,llBOHHHKOBaHHH. B nepBOM

npH6JIH)KeHHH CKOpOCTb pOCTa MHKpOKpHCTaJIJIOB AgHal B ,llOBOJIbHO llIHpOKHX

npe.ueJIax 06paTHO nponOpUHOHaJIbHa KOHueHTPaUHHM )KeJIaTHHbl [1, c. 77].
TOpMo3HLUee ,lleHCTBHe )KeJIaTHHbl 3aBHCHT OT pH H pacTeT npH YBeJIHqeHHH

LUeJIOqHOCTH ,llO pH ~ 10,0 HJIH Ha6JIIO,llaeTCH 60JIee HJIH MeHee BblpaxeHHblH

MaKcHMyM B CJIa60KHCJIOH HJIH HeHTPaJIbHOH 06JIaCTH.

)J(eJIaTHHbl BJIHHIOT Ha <pH3HqeCKOe c03peBaHHe 3MYJIbCHH caMH no ce6e .

H nOCpe,llCTBOM npHMeceH. ITpHMoe ,lleHCTBHe OKa3bIBaIOT 6eJIKOBbie rpynnbl

MOJIeKYJIbl, a,llCOp6lfpoBaHHoH Ha AgHal (MeTHoHHH, aprHHHH, rHCTHJlHH,

UHcTeHH). TIpHMecH, ,lleHcTByIOLUHe KaK mopMo3umeAu rjJu3uliecJ<,ozo c03pe-
eaHUJI, KaK npaBHJIO cepoCO,llepxaLUHe COe,llHHeHHH, BJIHHIOT Ha pa3Mepbl

H MOP<P0JIOrHIO MHKpOKPHCTaJVIOB AgHal.

)],y6JIeHHe )KeJIaTHHbI npHMeHHIOT MH npH,llaHHH <poTorpa<pHqeCKHM CJIO-

HM Heo6xo,llHMOH MexaHHqeCKOH H XlfMHqeCKOH npOqHOCTH, n03BOID!IOIUeH

o6pa6aTbIBaTb <pOTOCJIOH B LUeJIOqHbIX H KHCJIbIX BO.uHbIX pacTBopax, B TOM

qHCJIe npH nOBbIllIeHHOH TeMnepaTYPe. )],y6JIeHHe )KeJIaTHHbI npe.uCTaBJIHeT

C060H npouecc nOnepeqHOH CllIlfBKH MOJIeKYJI. TIpHMeHHIOT KaK HeOpraHHqe-

cKHe, TaK H OpraHHqeCKHe ,lly6HTeJIH, T. e. BeLUeCTBa, cnoco6Hbie B3aHMO,lleH-

CTBOBaTb C MOJIeKYJIaMH 6eJIKOB. HanpHMep, npHMeHHIOT paCTBop COJIeH XPO-

Ma Cr
3+ H aJIIOMHHlfH A1

3+ H .up. (XpOMOKaJIHeBble KBacUbl KCr(S04h' 12H20

HJIH aJIIOMOKaJIHeBble KBacUbI KA1(S04h . 12H20).

)],eHCTBHe 3THX HOHOB 06yCJIOBJIeHO 06pa30BaHHeM XeJIaTOB C Kap6oK-

CHJIbHblMlf rpynnaMH CTPyKTypbI:

)],y6JIeHlfe OpraHHqeCKHMH BeLUeCTBaMH, npHMeHHeMoe B HacToHLUee Bpe-

MH nOBceMeCTHo, CBH3aHO C peaKUHHMH no aMHHorpynnaM (KaK npaBHJIO,

no e-aMHHorpynnaM JIH3HHa, m.upOKCHJIH3HHa H .up.) H pe)Ke no Kap6oK-

CHJIbHbIM, aMH,llHbIM, rH.uPOKCHJIbHbIM H .upymM rpynnaM. DOJIbllIHHCTBO

Ba)KHbIX OpraHHqeCKHX .uy6HTeJIeH npHHa.uJIe)KHT K KJIaccy aJIb,llem,llOB. TIpo-

cTeHllIHM ,lly6HTeJIeM HBJIHeTCH <popMaJIb.uem.u. TIpouecc .uy6JIeHHH npOTeKaeT

nOCJIe.uoBaTeJIbHo:

H

")1(1-NH2 + C= 0--)I(\-NH-CH20H (6)
/

H
)l(1-NH-CH20H + H2N-)I(2-- )l(1-NH- CH2NH-)I(2+ H20 (7)

H2CO

,;0
R-C-H

/0"
CH2-CH-R

NH
/ "CH2-CH-R

)I(-NH2 CH2=CH-R

Hal-R

°II
ROCNHR'

O=C=N-R

R-S02-OR'

)],y6JIeHHe <popMaJIb,llerH,llOM npOHCXO,llHT 60JIee HHTeHCHBHO npH LUe-

JIOqHblX 3HaqeHHHX pH. )],pyrHe B03MO)KHble peareHTbl no NHrrpynne npH-

Be,lleHbl B BH,lle cxeMbl [26]:

)I(-N=CH-R + H2O (9)

)I(-NH-CH2-CH-R (10)
I
OH

)I(-NH-CH -CH-R (11)
2 I

NH2

)I(-NH-CH2CH2 -R (12)

)I(-NH-R +HHal (13)

°II (14))I(-NHC-NHR' + ROH

°II ( 15))I(-NHC-NHR

)I(- NHS02R+ HOR' (16)



HaH60JIbIllHW npaKTHqeCKHW HHTepeC npeL\CTaBJIHIOT BHHHJICYJIbq,OHHJIb-

HbIe L\y6HTeJIH, COL\ep:>KaIllHe L\BOWHbIe CBH3H, aKTHBHpOBaHHble CYJIbq,OHHJIb-

HOW rpynnow. HanpHMep, OnHCaHO npHMeHeHHe COeL\HHeHHH (VIII):

CH2 = CH-S02-CH2- CH -CH2-S02CH = CH2 (VIII)
IOH

qacTo HCnOJIb3YIOT COJIH 4,6-L\HXJIOp-2-rHL\pOKCH-l ,3,5-TPHa3HHa, COL\ep-

:>KaIllHe aKTHBHbIe aTOMbI XJIOpa:

Cl-(N)-Cl

NyN
OMe

Bce 60JIee IllHpOKoe npHMeHeHHe HaxOL\HT 3nOKCHL\HbIe COeL\HHeHHH C TPex-

qJIeHHbIM OKCHpaHOBbIM UHKJIOM:

MOJIeKYJIbI, COL\ep:>KaIllHe B CBoeM COCTaBe He MeHee L\BYX TaKHX rpynn, OKa-

3bIBalOTCH BeCbMa aKTHBHbIMH CTPYKTYPHPYIOIllHMH areHTaMH nOJIHnenTHL\-

HbIX uenew, CYIlleCTBeHHO H3MeHHIOIllHMH q,H3HKO-MeXaHHqeCKHe CBOWCTBa

q,OTorpaq,HqeCKOrO CJIOH. 3TO HJIJIIOCTPHpyeTCl1 cxeMOW L\eWCTBHH L\HrJIHUH-

L\HJIOBOrO 3q,Hpa L\H3THJIeHrJIHKOJIH:

/0, /0,
)I(\-NH2+ CH2-CH-CH20(CH2CH20)nCH2CH-CH2 + H2N-)I(2---

(17)
--- )1(1-NH-CH2- CH-CHP(CH2CH20)nCH2CH- CH2NH-)I(2

I IOH OH
B pe3YJIbTaTe L\y6JIeHHH OTL\eJIbHbIe MOJIeKYJIbI )[(eJIaTHHbI ()I(\ H )1(2) OKa-

3bIBalOTCl1 CBH3aHHbIMH LlJIHHHbIMH nOJIH3THJIeHOKCHL\HbIMH MOCTHKOBbIMH

rpynnaMH, BJIHl1lOIllHMH Ha 3JIaCTHqHbIe CBOWCTBa 3My6JIeHHoro CJIOl1.

§ 8. C~HOCTb XHMHtIeCKOH ceHCH6HJIH3allHH
4>oTorpa4>HtIeCKHX 3MYJIbCHH

nOL\ XHMHqeCKOW ceHCH6HJIH3aUHew nOHHMalOT YBeJIHqeHHe CBeTOqyB-

CTBHTeJIbHOCTH q,OTorpaq,HqeCKHX MaTepHaJIOB B 06JIaCTH nOrJIOIlleHHl1 CBeTa

raJIOreHHL\aMH cepe6pa (.\ < 520 HM). npHMeHeHHe MeTOL\OB XHMHqeCKOW

ceHCH6HJIH3aUHH n03BOJIHJIO B npouecce pa3BHTHl1 q,oTOrpaq,HH YBeJIHqHTb

CBeTO'lYBCTBHTeJIbHOCTb q,oToMaTepHaJIOB B COTHH pa3. PaHee 6bIJIO paCCMO-

TPeHO 06pa30BaHHe q,OT03JIeKTPOHOB (e) H q,OTOL\blPOK (P) npH B03L\eWCTBHH

q,OTOHOB CBeTa Ha peilleTKY AgHal. ):LIT11L\OCTH,KeHHl1 q,oTorpaq,HqeCKOrO 3q,-

q,eKTa, CBOL\l1IllerOCl1 K 06pa30BaHHIO ueHTpOB CKPbITOrO q,oTorpaq,HqeCKOrO

H306pa)[(eHHl1 (lJ,CI1), COCTOHIllHX H3 qaCTHU cepe6pa Ag~, He06xoL\HMbI yCJIO-

BHl1, npeL\OTBpaIllalOIllHe peKoM6HHaUHIO p0)[(LleHHbIX CBeTOM e H p. Peqb HL\eT

06 3q,q,eKTHBHOM pa3L\eJIeHHH q,oT03apl1L\OB. np06JIeMa pa3L\eJIeHHl1 3apl1L\OB

He l1BJIl1eTCl1 cneUHq,HqeCKOW np06JIeMOW q,OTOrpaq,HqeCKOW XHMHH. 3Ta

np06JIeMa, nO-CYIlleCTBY, l1BJIl1eTCl1 ueHTPaJIbHOW B TaKHX 06JIaCTl1X 3HaHHH,

KaK OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIe npoueCCbI, q,OTOCHHTe3 B BbICIllHX

paCTeHHl1X H ceHCH6HJIH3HpOBaHHbIW q,OTOJIH3 BOL\bI.

3q,q,eKTHBHoe pa3L\eJIeHHe 3apl1L\OB, pO)[(LleHHbIX B MHKpOKpHCTaJIJIe

AgHal CBeTOM, L\OCTHraeTCSI 6JIaroL\apl1 C03L\aHHIO Ha nOBepXHOCTH HJIH B rJIY-

6HHe MK ueHTPOB, aKuenTHpylOIllHX JIH60 3JIeKTPOHbI, JIH60 L\blpKH. TaKHMH

ueHTPaMH MOryT 6bITb y)[(e ynoMHHaBIllHeCl1 L\eq,eKTbI KPHCTaJIJIHqeCKOWpe-

IlleTKH, T. e MeCTa C HeKOMneHCHpOBaHHOW (H36bITOqHOH) 3HeprHeH, npe)[(Lle

Bcero Ha nOBepXHOCTH MHKpOKPHCTaJIJIOB AgHal. OL\HaKO 60JIee 3q,q,eKTHBHbI

ueHTPbI, C03L\aBaeMbie C nOMOIllblO HHOPOL\HbIX no OTHOIlleHHIO K peIlleTKe

COeL\HHeHHW (Hec06cTBeHHbIX L\eq,eKTOB). n03TOMY TaKHe ueHTPbI Ha3bIBa-

IOTCH npHMeCHblMH ueHTPaMH (nlJ,), a BeIlleCTBa, C03L\aIOIllHe 3TH ueHTPbl,

ceHCH6HJIH3HPYlOIllHMH (T. e. YBeJIHqHBalOIllHMH qYBCTBHTeJIbHOCTb). nOKa-

3aHO [1, c. 151], qTO CeHCH6HJIH3HpylOIllHe BeIlleCTBa pacnpeL\eJIHIOTCH B MK

B BHL\e JIOKaJIbHbIX ueHTPOB HJIH KJIaCTepOB H OCYIlleCTBJIl1lOT KOHueHTPHpoBa-

HHe aTOMOB Ag, 06pa3yeMbix npH 3KcnOHHpOBaHHH, JIH60 3axBaT q,OTOL\blpOK.

et>OpMHpoBaHHe TaKHX ueHTPOB npOHCXOL\HT B npouecce XHMHqeCKOH ceH-

cH6HJIH3aUHH q,oTorpaq,HqeCKHX 3MYJIbCHW HJIH, TaK Ha3bIBaeMoro, BTOpOro

C03peBaHHl1 3MYJIbCHW. 3MYJIbCHH, He nOL\BeprHYTbIe XHMHqeCKOW ceHCH6HJIH-

3aUHH, T. e. nOCJIe nepBoro C03peBaHHl1, Ha3bIBalOTCl1 npUMUmU8HblMU H HMeIOT,

KaK npaBHJIO, HH3KYIO CBeTOqYBCTBHTeJIbHOCTb (L\OJIH eL\HHHU fOCTa).

TpYL\HO yKa3aTb, C KaKoro BpeMeHH H3BeCTHa XHMHqeCKal1 ceHCH6HJIH-

3aUHl1 (XC), H3-3a OTCYTCTBHl1 L\OCTaTOqHOW HHq,opMauHH B paHHHX pa60Tax

no CHHTe3Y q,oTorpaq,HqeCKHX 3MYJIbCHIf. C 1864 roLla H3BeCTHO [1, c. 151],

qTO BeIlleCTBa, nOrJIOIllalOIllHe H CBH3bIBalOIllHe CB060L\HbIH HOL\, ceHCH6HJIH-

3HPYlOT AgI. n03L\Hee HaWL\eHO, qTO qYBCTBHTeJIbHOCTb CyXHX CJIOeB YL\aBaJIOCb

nOBbICHTb 06pa60TKow B OTBape rOpqHqHOro ceMeHH. B 1878 r. OTMeqaJIOCb

nOBbIIlleHHe qYBCTBHTeJIbHOCTH 3MYJIbCHW L\06aBJIeHHOH )[(eJIaTHHOH, a 3Ta

npoueL\ypa 6bIJIa, nO-BHL\HMOMY, HMeHHO XHMHqeCKOH ceHCH6HJIH3aUHew,

TaK KaK CerOL\Hl1 H3BeCTHO, '1TO )[(eJIaTHHa caMa COL\ep)[(HT XHMHqeCKHe ceH-

cH6HJIH3aTOpbI H, B nepBylO OqepeL\b, COeL\HHeHHl1 C JIa6HJIbHOW cepow.

113BecTHbI CJIeL\YIOIllHe OCHOBHbIe THnbI XHMHqeCKOW ceHCH6HJIH3aUHH-

8occmaH08UmeJlbHafl, cepHUCmafl, 30JlOmafl H CMeIllaHHble THnbI, HanpHMep,

HaH60JIee pacnpOCTPaHeHHaSI cepHUCmO-30JlOmafl. Pe)[(e npHMeHHIOT HOHbI

L\PYrHX 6JIarOpOL\HbIX MeTaJIJIOB - Pt, Pd, Ir.



nOHTeBHH B 1863 r. [2, c.345) 3aMeTl1JI, '1TO XHMH'IeCKH '1HCThIH HO.D:H.D:

cepe6pa, «H30JIHpOBaHHhIH OT Bcex BemeCTB, cnoc06HhlX Y.D:ep)J(l1BaTh HO.D:

npH 3KcnOHHpOBaHHH, Bo06me He '1YBCTBHTeJIeH, HO CTaHOBHTC5I '1yBCTBH-

TeJlhHblM B npHCyTCTBHH MeTaJIJIH'IeCKoro cepe6pa». 3TO npH3HaHHe cepe6pa

KaK B03MO)J(HOro ceHCH6HJIH3aTOpa npe.D:BapHJIO HCnOJIh30BaHHe )J(eJIaTHHO-

BhlX 3MYJlhCHH. 3.D:ep [2, c.345) B 1881 r., T. e. HeCKOJIhKO JIeT cnycT5I nOCJIe

TOro, KaK 3MYJlhCHH Ha OCHOBe )J(eJIaTHHhl Ha'laJIH HCnOJIh30BaThC5I B <}JOTorpa-

<}JHH, npe.D:nOJIO)J(HJI, '1TO «B npouecce C03peBaHH5I CHCTeMhl [AgBrj)J(eJIaTHHa)

6pOMH.D. cepe6pa BOCCTaHaBJIHBaeTC5I B MaJIOH CTeneHH H nOJIyqeHHoe TaKHM .

06pa30M cepe6po B CJIe.D:OBhIXKOJIH'IeCTBaX yqacTByeT B yBeJIH'IeHHH '1yBCTBH-

TeJIhHOCTH. TaKHM 06pa30M, 6POMH.D: cepe6pa B C03peBllIeH 3MYJIhCHH .D:OJI)J(eH

CO.D.ep)i(aTb MHHHMaJIhHOe KOJlH'IeCTBO H36hITKa cepe6pa».

BOCCTaHOBHTeJIbHa51 ceHCH6HJHi3aUH5I BeChMa Ba)J(Ha B COBpeMeHHbIx <}Jo-

Torpa<}JHqeCKHX 3MYJIhCH5IX. Cepe6po 06pa3yeTC5I HJIH npH B3aHMO.D:eHCTBHH

HOHOB Ag+ C BOCCTaHaBJIHBalOllIHMH areHTaMH, H3HaqaJIhHO npHcyTcTBylOmH-

MH B )J(eJIaTHHe, HJIH C TaKHMH BoccTaHOBHTeJI5IMH, KaK XJIOpH.D: OJIOBa SnCh,

m.D:pa3HH N2H4, 3TaHOJIaMHHhl HJIH .D.HMeTHJIaMHH060paH, KOTopbIe BBO.D.51TC5I

npH H3roTOBJIeHHH 3MYJlbCHH [1, c. 153). 113BecTHa XHMHqeCKa5I ceHCH6HJIH-

3aUH5I npH nOHH)J(eHHM pAg 3MyJIhCHH, T. e. B H36bITKe HOHOB Ag+ (no By.D.Y),

TaK Ha3bIBaeMoe cepe6p5IHOe c03peBaHHe B npMCyTCTBHH HHepTHoH )J(eJIaTH-

HbI. nOKa3aHO, '1TO Ha6JIIO.D.aeTC5I HeKoTopoe YBeJIHqeHHe qYBCTBHTeJIhHOCTH

npH nponyCKaHHH BO.D.OpO.D.a'1epe3 )J(H.D;KHe 3MYJlhCHH B npouecce HX H3ro-

TOBJIeHH5I [2, c.345). BO.D:OPO.D;HOHceHCH6HJIH3aUHH nO.D:BepralOT H roToBble

<}JoTorpa<}JHqeCKHe CJIOH. 3TOT MeTO.D. 06pa60TKH 0603HaqalOT KaK 2unepceH-
CU6UJlU3a~UR BO.D.OpO.D.OM.

<1>OTorpa<}JH'IeCKH BaxHhlM npO.D;yKToM peaKUHH BOCCTaHOBHTeJIhHhlX ceH-

CH6HJIH3aTOpOB C AgHal 51BJI5IeTC5Icepe6p5IHM qaCTl1ua Ag~, H XHMH5I ::noro

npO.D.yKTa MaJIO qeM OTJIl1'IaeTC5I OT XHMHH Ag~ B ueHTpax CKphITOrO H306pa-

)J(eHH5I - TOT H .D.pyroH pa3pYllIalOTC5I npH yMepeHHOM OKHCJIeHHH. O.D;HaKO

B OTJIH'IMe OT UCI1 npO.D.yKTbl BOCCTaHOBHTeJIbHOH ceHCH6HJIH3aUHH He 5IBJI5I-

IOTC5I npmlBJI5IeMblMH npH XHMHKO-<}JOTorpa<}JH'IeCKOH 06pa60TKe, qTO CB5I3a-

HO C pa3JIH'IHeM B HX pa3Mepax (B BeJIH'IHHe n) H, B03MO)J(HO, B Tonorpa<}JHH

Ha noaepXHocTH MHKpOKpHCTaJIJIOB AgHal. O.D.HaKO 06pa60TKa ueHTpOB BOC-

CTaHOBHTeJIhHOH ceHCH6HJIH3aUHH B pacTBopax COJIeH 30JIOTa co06llIaeT HM

np05lBJI5IeMOCTh. Bep05lTHO, 30JIO'leHHe ueHTpOB, T. e. HX npeBpameHHe B '1a-

CTHUhl A~ no peaKUHH Ag~ + nAu+ -+ A~ + nAg + , co06maeT HM 60JIhllIYlO

KaTaJIHTH'IecKyIO aKTHBHOCTh.

KaKOBhl <}JYHKUHH ueHTpOB BOCCTaHOBHTeJIhHOH ceHCH6HJIH3aUHH B pa3-

.neJleHHH <}JOToreHepHpOBaHHhIX e H p? C'IHTaIOT, '1TO B 3aBHCHMOCTH OT HX

pa3Mepa (n) H pacnOJIO)J(eHH5I B MHKpOKpHCTaJIJIaX AgHal OHH MOryT 6hITb

KaK aKUemopaMH .D.bIpOK, TaK H aKuemopaMH <}JoT03JIeKTpoHoB [1, c.154).

I1MeIOTC5I OCHOBaHH5I nOJIaraTh, '1TO 60JIhllIHe no pa3MepaM ueHTpbI MOryT

6bITh JIOBYllIKaMH 3JIeKTpOHOB, T. e. HX MO)J(HO paccMaTpHBaTb KaK 3apO.D:hIllIH

CKphlTOrO H306paxeHH5I, paCTYIUHe nyTeM .D.06aBJIeHH5I aTOMOB Ag (e + Agt)

npH 3KcnoHHpoBaHHH (pHC. 52, a). MeHhllIHe no pa3MepaM ueHTpbl 3axBaThl-

BalOT .D:blpKH H3 BaJIeHTHOH 30Hbl, OKHCJI5I5ICb TeM caMblM .D;OAg+ (pHC. 52,6).

B JlHTepaTYpe paCCMaTpHBaeTC5I aHaJIOm'lHblH npouecc aKuenTHpOBaHH5I .D.hl-

pOK AgrueHTpaMH, npHBO.D:51IUHH K n05lBJIeHHIO .D.OnOJIHHTeJIbHOrO 3JIeKTpoHa

B 30He npOBO.D;HMOCTH:

(18)

(19)
to

Ago +== Agt + e (20)

ComacHo cxeMe npouecca, nocJle 3aXBaTa .D;blpKH '1aCTHua Agt TepMH'IeCKH

HOHH3HpyeTC5I C 06pa30BaHHeM MeXY3eJIbHoro HOHa Agt M aTOMa cepe6;

pa. nOCJIe.D.Hl-IH TaK)J(e TepMH'IeCKH HOHH3HpyeTc5I C npeBpaIUeHHeM B Agj

H B 30HHbIH 3J1eKTpOH. TaKHM 06pa30M, O.D;HH nomOIUeHHhlH KBaHT C03.D.a-

eT B 30He npOBO.D:HMOCTH .D;Ba 3J1eKTpOHa - O.D.HH <}JOToreHepHpOBaHHbIH,

a BTOPOH TepMOJIH30BaHHbIH, '1TO npHBO.D:HT K pOCTY cBeTo'lyBcTBHTeJlhHOCTH.

Pa3JIH'IH5I B nOBe.D;eHHH ueHTpOB BOCCTaHOBHTeJlhHOH ceHCH6HJlH3aUHH

CB5I3hIBalOT C pa3JIH'IHeM HX 3ap5I.D.OB, 3aBHC5IIUHM OT pa3Mepa '1aCTHU ~

H MeCTa HX JlOKaJlH3aUHH B MHKpOKpHCTaJIJle AgHal. DOJlee KpynHble ueHTpbI,

Bep05ITHO, 3ap5J)J(eHbl nOJlO)J(HTeJlbHO (Ag~+), a MeJIKHe 5IBJI5IIOTC5I HeHTpaJIh-

HhIMH, JlH60 .D:axe 3ap5J)J(eHbl OTpHUaTeJIbHO (Ag~-) (CM. pHc.52) [1, c. 154).

06pa30BaHHe 3JIeKTpoHo- HJIH .D:hlpO'lHOaKUenTopHbIx ueHTpoB npH XHMH-

'1eCKOH ceHCH6HJlH3aUHH 3aBHCHT KaK OT THna 3MYJIbCHH (pa3Mepa, orpaH-

PHe.52. CxeMa, HJlJIIOCTpHpyroIUlUI 3JIeKTpOHoaKuemopHbIe (a) H .LlhlpO'lHOaKuer1Top-
Hble (6) CBOHCTBa ueHTpOB BoccTaHOBHTeJIbHOH ceHCH6HJIH3aWUI



KH MK), TaK H OT cnoc06a xHMH'IecKoM CeHCH6HJIH3aUHH. CJIa6ID1 XHMH'Ie-

CKa51 CeHCH6HJIH3aUH51 C nOMOmblO BoccTaHoBHTeJIeM SnCI2 HJIH H2 C03.1(aeT

aKuenTopbl LlblpOK, a cJIa60e cepe6p5lHOe C03peBaHHe- aKuenTopbI 3JIeKTpO-

HOB; CHJIbHIDI XHMH'IeCKa51 ceHCH6HJIH3aUH5I BOCCTaHOBHTeJI5IMH C03LlaeT 06a

BHLla aKuenTopOB.

§ 10. CepHUCTaH ceHcu6uJIU3aU;UH.
Ag2S-u;eHTpw qYBCTBUTeJIbHOCTU U ByaJIU

<l>aKT ceHCH6HJIH3aUHlI coeLlHHeHH5IMH, cOLlep)J(amHMH JIa6HJIbHbIM aTOM
S
I

cepbI, HanpHMep, THocyJIbQ>aT-HOHOM HJIH THOMO'IeBHHOM (NH2CNH2), 6bIJI

OLlH03Ha'IHO yCTaHOBJIeH c.llIennapLlOM B 1925 r. [27], XOT5I HblOTOH Ha6JIIO-

LlaJI 3TOT BHLl ceHCH6HJIH3aUHH eme B 1874 r., nO-BHLlHMOMy, He OC03HaBa51

3TOro 51BJIeHH5I [2, c. 3541. llIennapLloM 6bIJIa npeLlnpHH5ITa nOnbITKa BbmeJIHTb

H3 aKTHBHOM )J(eJIaTHHbI Te BemeCTBa, KOTopble cnoc06cTBYlOT nOBblweHHIO

'IyBcTBHTeJIbHOCTH. 3TH HCCJIeLlOBaHH5I npHBeJIH K BbiBOLlY, 'ITO CeHCH6HJlH-

3aTopOM 51BJI5IeTC5IaJIJIHJIH30THOUHaHaT (aJIJIHJIOBOe rop'IH'IHoe MaCJIO).

TIPH cepHHCTOH ceHCH6HJIH3aUHH (S-ceHCH6HJlH3aUHH) Ha6JIIOLlaeTC5I

pOCT cBeTo'lyBcTBHTeJIbHOCTH H K03Q>Q>HUHeHTa KOHTPaCTHOCTH. Oc06eHHO

3Ha'IHTeJIeH POCT cBeTo'lyBcTBHTeJIbHOCTH npH HH3KHX oCBemeHHOCT5Ix. Xa-
paKTepHO, .1.JTOnpH npOLlOJI)J(eHHH S-ceHCH6HJIH3aUHH Ha6JIIOLlaeTC5I yMeHb-

wetlHe qyBcTBHTeJIbHOCTH, oc06eHHO npH BbICOKHX HHTeHCHBHOCT5IX (KO-

POTKa51 3Kcn03HUH5I, HeB3aHM03aMeCTHMOCTb npH BbiCOKOH OCBemeHHOCTH

HB3-BO). KaK 3TO 6YLleT nOKa3aHO LlaJIee, yBeJIH'IeHHe HB3-BO 06ycJIoBJIe-

HO KOHKYPeHUHeH MHomx npHMeCHbIX ueHTPOB 3a 3axBaT Q>OT03JIeKTPOHOB

H B pe3YJIbTaTe 3TOro pacceHBaHHeM cepe6pa CKpbIToro H306pa)J(eHH5I no He-

CKOJIbKHM ueHTPaM.

3Ha'IHTeJIbHOe MeCTO B HCCJIeLlOBaHH5IX no XHMHH cepHHcToM ceHCH6H-

JIH3aUHH 3aH5IJIO yCTaHOBJIeHHe npHpOLlbI ueHTPOB, C03LlaBaeMblx npH ceH-

CH6HJIH3aUHH. CTaLJ;HH npouecca ceHCH6HJIH3aUHH BKJIIO'IaIOT: a) aLJ;COp6UHIO

ceHCH6HJIH3aTOpa Ha AgHal, 6) B3aHMoLleHcTBHe aLJ;COp6HpoBaHHoro ceHcH6H-

JIH3aTOpa C HOHaMH cepe6pa C 06pa30BaHHeM MOJIeKYJI Ag2S H B) peopraHH3a-

UHIO MOJIeKYJI Ag2S Ha nOBepXHOCTH MHKpOKpHCTaJIJIa AgHal C 06pa30BaHHeM

ueHTPa cBeTo'lyBcTBHTeJIbHOCTH B BHLle KJIaCTepa (Ag2S)n' B 3aBHCHMOCTli

OT pa3Mepa Ag2S-KJIaCTepa (n) Hero CTeXHOMeTPHH OH MO)J(eT 6bITb JIH60

aKuemopOM Q>OT03JIeKTpOHOB, JIH60 LlblpOK. TIPH yBeJIli'IeHHH pa3Mepa Ag2S-

KJIaCTepa ueHTPbI cBeTo'lYBcTBliTeJIbHOCTli MOryT nepepacTaTb B ueHTpbI ByaJIli.

BCJIeLlCTBHe MHorocTaLJ;HMHOCTH npouecca cepHHCTOM ceHCH6HJIH3aUHH

He 6bIJIO HaMLleHo npocToM 3aBHCHMOCTH Me)J(Lly KOJIH'IeCTBOM 06pa3YIO-

mHXC5I MOJIeKYJI Ag2S H CBeTO'IYBcTBHTeJIbHOCTblO [I, c. 154). KaK npaBHJIO,

OnTHMaJIbHa51 XHMH1.JeCKaH ceHCH6HJIH3aUH5I He Bblp~eTCH 06pa30BaHHeM

KaKoro-JIH60 eLlHHoro KOJIH'IeCTBa Ag2S. TIoCJIeLlHee 3aBHCHT OT orpaHKH

MHKpOKpHCTaJIJIOB, pAg, pH 3MYJIbCHH, TeMnepaTypbI H KOHueHTPaUHH ce-

pocoLlep)J(amero coeLlHHeHHH. Ha pHc.53 npeLlCTaBJIeHbI pe3YJIbTaTbI HCCJIe-

LlOBaHliH llITypMepoM H 6JI3K6YPHOM cep,HHcToM ceHCH6HJIH3aUHH AgHal

C HCnOJIb30BaHHeM paLJ;HOaKTHBHoH cepbI 3 S [3, c. 420). TIepBOHa'laJIbHO'IyB-

CTBHTeJIbHOCTb yOOJIH'IHBaeTc5I C pOCTOM KOJIH'IeCTBa MOJIeKYJI Ag2S, 3aTeM

LlOCTHraeT nOCTOHHHoro 3Ha'leHHH H nOTOM naLJ;aeT. OnTHMyM ceHcH6H-

JIH3aUHH COOTBeTcTByeT 2· 104
MOJIeKYJI Ag2S Ha KBaLJ;paTHbIM MHKpOMeTP

nOBepXHOCTH AgBr-MHKpOKpHCTaJIJIa. KaK npaBHJIO, OnTHMaJIbHoe KOJIH'Ie-

CTBO Na2S203 B BbICOKO'IYBCTBHTeJIbHbIX 3MYJIbCHHX COCTaBJI5IeT HeCKOJIbKO

Mr Ha MOJIb AgHal (.-v 2· \0-5 MOJIb/MOJIb AgHal). Ha pHc.53, 6 npH-

BeLleHa THnH'IHaH KpHBaH H3MeHeHHH 'IyBcTBHTeJIbHOCTH (8) B npouecce

S-ceHCH6HJIH3aUliH npH nOCTOHHHOH KOHueHTPaUHH Na2S203· CHa'IaJIa Ha-

6JIIOLlaeTCH POCT 'IYBcTBliTeJIbHOCTH LlO MaKCHMaJIbHOrO 3Ha'leHH5I, a 3aTeM

YMeHbweHHe C YMHHeHHeM BpeMeHH c03peBaHliH (nepe3peBaHHe 3MYJIbClili).

TIaLJ;eHlie 'IYBCTBHTeJIbHOCTli 06yCJIOBJIeHO C03LlaHHeM li36bITO'IHOrO KOJIH'Ie-

CTBa ueHTPOB 'IyBcTBHTeJIbHOCTH, KOHKYpHpYlOmliX Llpyr C LlpyroM 3a 3axBaT

Q>oT03JIeKTPOHoB. COrJIaCHO nOCJIeLJ;HliM LlaHHbIM [28], npH nepe3peBaHliH

Q>oTorpaQ>H1.JeCKHX 3MYJIbCHH Bce 60JIbWee 3Ha'IeHHe npH06peTalOT npoueccbI

peKoM6HHauHH cB060LlHbIX LlblpOK C 3aXBa'IeHHbIMH 3JIeKTPOHaMH. TIo Mepe

nepe3peBaHHH OLlHOBpeMeHHO Ha6JIIOLlaeTC5I POCT ByaJIH (Do).
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PHc.53. 3aBHcHMoCTb CBeTO'iyacTBHTeJIbHOCTH (S) AgBr-3MYJIbCI1H OT KOJIH'ieCTBa
Ag2S (a), a TaK)J(e '1yacTBHTeJIbHOCTI1I1 ByanH (Do) OT BpeMeHH S-CeHCH6HJIH3aUHH (6)

Pa3JIO)J(eHHe THocYJIbQ>aT-lioHa npoxoLlHT '1epe3 CTaLJ;HlO 06pa30BaHHH

KOMnJIeKCHOro HOHa AgS203" Ha nOBepxHocTH MHKpOKpHCTaJIJIa AgHal. ALl-

COp6UliH S20~- -liOHOB Ha KpHCTaJIJIaX AgHal HLleT O'leHb 6bICrpO. CnepBa OHH

aLJ;COp6HpyIOTCH Ha LleQ>eKTHblx MecTax KpHCTaJIJIOB, a npH 60JIbWHX KOHueH-

TpaUHHx THocyJIbQ>aTa HaTPHH B pacTBope HLleT ero aLJ;COp6UHH Ha nJIOCKOCTHX

KpliCTaJIJIOB. 06pa30BaHHe Ag2S li3 cepe6pHHoro KOMnJIeKCa MO)J(eT npolic-



AgS203 + Ag+ + H20 --------+ Ag2S + SO~- + 2H+ (21)

CJIe,nYlOllllUl CTa.nHH XHMHqeCKoi1 ceHCH6HJIH3amIH COCTOHT B 06'be,nHHeHHH

Ag2S-MOJIeKYJI B (Ag2S)n-KJIaCTepbI, KOTopble H HBJIHIOTCH c06cTBeHHo ueH-

TPaMH cBeTo'lyBcTBHTeJIbHOcTH.

BnepBble IlIennap,n BbmBHHyJI npe,nnOJIO)J(eHHe, qTO cYJIb<PH.D: cepe6-

pa 06pa3yeTCH Ha nOBepXHocTH AgHal B BH,ne nOJIHMOJIeKYJIHpHoro H.D:pa

[2, c.356]. 3ro 6hillO no,nTBep)J(,l{eHO PH.D:OM 3KcnepHMeHTOB. CBH,neTeJIb-

CTBOM B nOJIb3Y arperaUHH qaCTHU Ag2S CJIyxaT ,naHHble K311Ia [2, c.357],

KOTOphIH yCTaHOBHJI, qTO peaKUHH HeKOTopbIX cepHHCThIX ceHCH6HJIH3aTOpoB

C AgBr HMeeT I-H nOpH.D:OK no ceHCH6HJIH3aropy, B TO BpeMH KaK CKOpOCTb

pOCTa CBeTOqYBCTBHTeJIbHOCTH HMeJIa nOpH.D:OK 1/2 HJIH MeHbllIe B 3aBH-

CHMOCTH OT ceHCH6HJIH3aTopa. DOJIee TOro, qYBcTBHTeJIhHOCTb npo,noJIxaJIa

paCTH cpaBHHTeJIbHO ,nOJIro nOCJIe npeKpallleHHH 06pa30BaHHH Ag2S. Co-

maCHO B. A. DeKYHoBy npo,nOJI)J(HTeJIbHOCTb C03peBaHHH (7') ,no ,nOCTH)J(eHHH

MaKCHMaJIbHOrO 3HaqeHHH CBeTOqYBCTBHTeJIbHOCTH CBH3aHa C KOJIHqeCTBOM

cepHHcToro ceHCH6HJIH3aropa ([S]) npOCTbIM COOTHOllIeHHeM: [S]· 7' = const

(npH to = const).

PaCCMaTPHBalOTCH ,nBa MexaHH3Ma arperaUHH Ag2S: 1) ,nH<P<PY3HHAg2S-

MOJIeKYJI no nOBepXHOCTH MHKpoKpHCTaJIJIa AgHal H 2) KaTaJIH3 arperaUHH

Ag2S-qaCTHU qepe3 paCTBOp (T. e. pacTBopeHHe Ag2S-'1aCTHU H HX OCa)J(,l{eHHe

Ha KaTaJIHTHqeCKHX ueHTPax). CqHTaeTCH, '1TO B onTHMyMe ceHCH6HJIH3a-

UHH qHCJIO Ag2S-UeHTPOB Ha 1 MKM
2

AgHal MO)J(eT COCTaBJIHTb HeCKOJIbKO

TbICHq [2, c. 358].

KHHeTHKa 06pa30BaHHH Ag2S 3aBHCHT OT orpaHKH MHKpOKpHCTaJIJIOB

AgHal. 110 ,naHHbIM MOH3epa [29,30] CKOpOCTb OTJIO)J(eHHH cepbI MHoro 60JIb-

llIe ,nmr OKTa3,npHqeCKHX MHKpOKpHCTaJIJIOB AgBr, He)J(eJIH MH KY6HqeCKHX,

qTO HJIJIIOCTPHpyeTcH pHC. 54. XapaKTepHO, qTO y 3MYJIbCHi1 C KY6H'IeCKHMH

KpHCTaJIJIaMH, HeCMOTPH Ha MeHbllIee KOJIHqeCTBO 06pa30BaBllIerocH Ag2S,

Ha6JIIO,naeTcH POCT CBeTOqYBCTBHTeJIhHOCTH, a Ha 3MYJIbCHHX C OKTa3,npa-

MH B onHcaHHbIX 3KcnepHMeHTaJIbHbIX yCJIOBHHX XHMH'IeCKoro C03peBaHHH

YBeJIHqeHHH CBeTOqYBCTBHTeJIbHOCTH He npOHcxo,nHJIO (pHc.55). 3TO CBH3a-

HO C TeM, '1TO npH 6bICTPOM OTJIO)J(eHHH Ag2S <pOpMHpOBaJIOCb 60JIhllIee

KOJIHqeCTBO npHMeCHbIX ueHTpOB CBeTOqYBCTBHTeJIbHOCTH, KOHKYPHPYlOlllHX

3a 3axBaT <pOT03JIeKTPOHOB H, KaK CJIe,nCTBHe, BbI3bIBalOlllHX ,neceHCH6HJIH-

3aUHIO ()lC).
DOJIbllIaH CKOpOCTb 06pa30BaHHH Ag2 S Ha nOBepXHOCTH (111) 06ycJIoBJIe-

Ha, nO-BH,nHMOMy, 60JIbllIei1,ne<peKTHocTblO OKTa3,npH'IeCKHX rpaHei1. Ha 3THX

rpaHHx HMeeTCH 3HaqHTeJIbHOe KOJIHqeCTBO cTyneHei1 H YCTYnOB Ha CTYneHHX

(kink sites and jogs), T. e. ,ne<peKTHblx MeCT C 60JIbllIHMH TeTIJIOTaMH a.ncop6-

UHH pearHpylOlllHX MOJIeKYJI, qeM Ha ,npyrHX yqac:rKax nOBepXHOCTH. TaK KaK

Ha nOBepxHocTH (111) TIJIOTHOCTb TaKHX ,ne<peKTOB BeJIHKa, TO H BepOHTHOCTb

06pa30BaHHH MOJIeKYJI Ag2S CYllleCTBeHHO 60JIbllIe, qeM Ha rpaHHX (100).
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Puc.54. I<llHeTJilKa 06pa30BaHJilH Ag2S Ha Ky6HQeCKHX {l00} JiI OKTa3,apJilQeCKJilX {111}
MJilKpOKpHCTaJIJlax AgBr [30]

Ig8&rH
1

PHc.55. 1i13MeHeHHe CBeTOQYBCTBJilTeJIbHOCTH (8) B rrpouecce S-ceHCH6HJIH3aUHH

MOHO,ll;JiICrrepCHblx AgBr-3MYJIbCJilH C Ky6Ji1QeCKJilMJiI {100} JiI OKTa3,ll;pJilQeCKHMH {Ill}
MJilKPOKpJilCTaJIJIaMJiI [30]

CKOPOCTb XHMHqeCKOrO c03peBaHl1H 3aBHCHT OT KOHueHTpaUHH HOHOB

Ag+ B 3MYJIbCHH (pAg HJIH pBr) H OT pH. KJIacCH'IecKHi1 npHMep 3aBH-

CHMOCTH KHHeTHKH c03peBaHHH OT pBr H pH npHBe,neH B pa60Te K3ppOJIa

H f066ap,na [31]. Ha pHC. 56, a nOKa3aHbI KpHBble H3MeHeHHH cBeTo'lyBcTBH-

TeJIbHOCTH OT BpeMeHH C03peBaHHH npH pa3JIH'IHbIX 3HaqeHHHX pBr. C pOCTOM

pBr (T. e. KOHueHTPaUHH Ag+) CKOpOCTb C03peBaHHH YBeJIHqHBaeTCH. C yBe-

JIH'IeHHeM )J(e KHCJIOTHOCTH CKOpOCTb peaKUHH XHMHqeCKoi1 ceHCH6HJIH3aUHH

na.naeT (pHc.56, 6). 3TO 06yCJIOBJIeHO ,necop6uHei1 HOHOB cepe6pa C no-

BepXHOCTH MHKpOKpHCTaJIJIOB AgHal npOTOHaMH H 3aMeMeHHeM npouecca

06pa30BaHHH Ag2S.



PIIe.56. 3aBHcHMocTb 'IYBCTBHTeJIbHOCTH S OT rrpoAOJDKHTeJIbHOCTH XHMH'IeCKOrO
C03peBaHHlI. t rrpH Pa3HbIX pBr (a) H pH (6); UH<pPbl B KpyxKax YKa3bIBalOT 3Ha'IeHHlI
pBr H pH (no K3PPOJIY H f066apAY)

KaKOBbI CBoHcTBa, a COOTBeTCTBeHHO H <l>yHKlu,m, o6pa3YIOIUHxCli Ag2S-

ueHTpOB? npex,nencero cepHHCTalICeHCH6HJIH3aUHlI conpOBml<,llaeTCli yMeHb-

weHHeM 3JIeKTpOHHOH <l>oTonpoBo,nHMOCTH 3epeH AgHal. K3JIJIOr [32] onpe,ne-

JIHJIa BpeMli :lKH3HH cBo6o,nHbIX 3JIeKTpOHOB B 3epHax MOHOJl,HCnepCHoH AgBr-

3MYJIbCHH. HeKoTopbIe H3 nOJIyqeHHbIx pe3YJIbTaTOB npeJl,CTaBJIeHbI B Ta6JI. 3.

ComacHo npHBeJl,eHHbIM Jl,aHHbIM, BpeMli )KH3HH 3JIeKTpOHOB no Mepe npo-

Jl,OJI)KeHHlI S-ceHCH6HJIH3aUHH yMeHbwaeTClI, T. e. Ag2S-ueHTpbl lIBJIlilOTCli

3JIeKTpOHHbIMH JIOByWKaMH.

Th6JlHu.a 3. BpeMeHa )KH3HH <pOT03JIeKTpOHOBB AgBr-MHKpOKPHCTaJIJIax pa3MepOM
0,5 MKM B rrpouecce cepHHcToH CeHCH6HJlH3aUHH [32]

S-ceHCH6HRH3aUHlI T npH tKOMH' MKC T npH t = 77 K, MKC

He npOBOI\HRaCb 1,7 4800
HH3KHii ypOBeHb 1,3 2500
Cpel\HHii ypOBeHb 0,9 330
BbICOKHii ypoBeHb - 80

3JIeKTpOHoaKuenTopHble CBOHCTBa Ag2S-ueHTpOB CB1I3bIBalOT C HaJIH-

qHeM nOJIO)KHTeJIbHoro 3apMa B pe3YJIbTaTe aJ],COp6UHH Agt (Ag2S/ Ag+).

nOJIO:lKHTeJIbHO 3apll)KeHHbIe npHMeCHbIe ueHTpbI (nu) C03Jl,aIOT BHyTpeHHee

3JIeKTpHqeCKOe nOJIe B 3MYJIbCHOHHOM MHKPOKPHCTaJIJIe, YBJIeKalOIUee <l>OTO-

3JIeKTpOHbi K HaH60JIee «aKTHBHoMy» nu. 3THM MO)KHO 06bllCHHTb BbICOKYIO

qYBCTBHTeJIbHOCTb 3MYJIbCHOHHbIX MHKpOKpHCTaJIJIOB C S-ceHCH6HJIH3aUHeH.

C Jl,pyroH CTOpOHbl, nOJIO)KHTeJIbHbIH 3apllJl, Ag2S-ueHTpOB Jl,OJI)KeH OTTaJIKH-

BaTb OT nu nOJIO)KHTeJIbHbIe Jl,blpKH H TeM caMblM YMeHbwaTb BepOliTHOCTb

3JIeKTpOH-Jl,blPO'IHOH peKOM6HHaUHH. HaKOHeu, Hy)KHO yqHTblBaTb, 'ITO nu

OCJIa6JIlieT CHJIOBOe nOJIe peweTKH. 3TO npHBOJl,HT K YBeJIHqeHHIO nOTeHUHaJIa

HOHH3aUHH aTOMOB <l>OTOJIHTHqeCKOrO cepe6pa, 06pa3YIOIUHXCli npH 3aCBeTKe

MHKpOKpHCTaJIJIOB AgHal. nOTeHUHaJI HOHH3aUHH AgO BHyTpH KpHCTaJIJIH-

qeCKOH peweTKH AgHal, 6JIaroJl,apli nOJIlIpH3YlOIUeMY Jl,eHCTBHIO nOCJIeJl,Hei1,

3HaqHTeJlbHO MeHbwe, qeM )],JIll aTOMOB B BaKYYMe. oH COCTaBJIlieT Bcero He-

CKOJIbKO COTbIX Jl,OJIeH 3JIeKTpOH-BoJIbTa. Ha nOBepXHOCTH MHKpOKpHCTaJIJIa,

H B oc06eHHOCTH y nu, nOTeHUHaJI HOHH3aUHH YBemlqHBaeTCli 6JIaroJl,apSi

OCJIa6JIeHHIO nOJISlpH3YlOIUero nOJISI peWeTKH. 3TO cTa6HJIH3HpyeT cepe6pSl-

HbIe aTOMbI. n03TOMY y nU-ueHTpOB qYBCTBHTeJIbHOCTH 06pa30BaHHe AgO

CTaHOBHTCli 60JIee BepOSITHbIM H TeM caMblM c03Jl,a1OTCli 6JIaronpHSITHble YCJlO-

BHSI )],JIll 06pa30BaHHSI ueHTpOB CKPbIToro H306p~eHHSI [9, c.245]. [Jly6HHY

3J1eKTpOHoaKuenTopHbIX Ag2S-ueHTpOB oueHHBalOT t::.E ~ 0,6-0,7 3B noJl,

,llHOM 30HbI npOBO,llHMOCTH [33]. no COBpeMeHHbIM npe,llCTaBJIeHHSlM HMeIOT-

CSIypOBHH 2-x TUnOB: Hemy60KHe C t::.E ~ 0,18-0,2 3B H rny60KHe C t::.E ~
0,6-0,8 3B. DOJlbWoe KOJlHqeCTBO Hemy60KHx YPoBHei1 OqeHb B~HO Ha nep-

BHqHOH CTaJ],HH 3aXBaTa <l>oT03J1eKTpOHoB. 3aTeM CJIe,llyeT nepeJIOKaJIH3aUHSI

<l>0T03J1eKTpOHOB C HerJIy60KHx ypoBHeH Ha cpaBHHTeJIbHO He60JIbWOe qHCJlO

rny60KHx ypoBHei1, KOTopble onpe,lleJllllOT Tonorpa<l>HIO UCH.

B npouecce nepe3peBaHHSI 3MYJIbCHH B03paCTaeT pa3Mep Ag2S-ueHTpOB,

qTO TpaHc<l>opMHpyeT HX B ueHTpbI ByaJIH. ):(JISI ueHTpOB ByaJIH xapaKTepHO

60JIbWee CP0,llCTBO K 3JIeKTpoHy no cpaBHeHHIO C ueHTpaMH qyBcTBHTeJIb-

HOCTH. B03MO)KH0, 3TO o6yCJlOBJIeHO 60JlbWHM nOJIO)KHTeJIbHbIM 3apSl,llOM

Ag2S-ueHTpOB - [(Ag2S)nAg+]·

HapMY C 3JIeKTpOHoaKueTlTOpHblMH <l>YHKUHSlMH Ag2S-ueHTpbl MOryT Bbl-

nOJIHSlTb <l>YHKUHH aKUeTlTOpOB ,llblpOK (raJIOreHa) [9, c. 246]. B03MO)KHO, qTO

aKuenTopaMH ,llblpOK CJIy)KaT MeJIKHe Ag2S-ueHTpbl, 06pa3Y1OIUHeCli B HaqaJIe

S-CeHCH6HJIH3aUHH, H He HMelOIUHe nOJIO)KHTeJlbHoro 3apMa. CqHTaeTCSI, qTO

rJIaBHali POJIb ueHTpOB qYBCTBHTeJIbHOCTH npH cepHHCTOH ceHCH6HJIH3aUHH

COCTOHT B aKuenTHpOBamlH HMH <l>oT03JleKTpOHOB, a aKuenTHpOBaHHe ,llbIpOK

)],JIll BblCOKOqYBCTBHTeJlbHblX CJIOeB HrpaeT BTopOCTeneHHylO pOJIb.

PM aBTopOB npHJl,ep)KJIBaeTCSI MHeHHSI [34]. 'ITO BO BpeM5I cepHH-

CTOH ceHCH6HJIH3aUHH 06pa3YlOTcli KaK CMewaHHble cepHHcToCepe6p5lHble

(Ag2S)nAgm-KJIaCTepbl, TaK H cepe6pSlHbIe. B03MO)KHO, 06pa30Bamle TaKHX

ueHTpOB Ha6JIIO,llaeTC5I npH BBeJl,eHHH B 3MYJlbCHIO C S-ceHCH6HJIH3aUHei1

BOCCTaHOBHTeJISI - CYJlb<l>HTa HaTpH5I [1, c. 152], a TaK)Ke npH B03,lleHCTBHH

ra3006pa3Horo BOJl,0p0Jl,a. TaKHM o6pa30M, O'IeBHJl,Ha MHoroo6pa3Ha51 POJIb

npO,llyKTa cepHHcToH ceHCH6HJlH3aUHH, KOTOpblH MO)KeT 3aXBaTbIBaTb 3JIeK-

TPOHbI H Jl,blpKH, YMeHbwaSi peKoM6HHaUHIO <l>oTo3ap5lJl,OB, cTa6HJIH3HpOBaTb

aTOMbI <l>oTOJlHTH'IeCKOrO cepe6pa H yCKOpSlTb BOCCTaHOBHTeJIbHYIO ceHCH6H-

JIH3aUHIO. CJleJl,yeT eIUe pa3 nOJl,'IepKHyTb, qTO npHMeCHble ueHTpbI, 06pa3Y-

IOIUHeC5I npH cepHHcToH H BOCCTaHOBHTeJIbHOH ceHCH6HJlH3aUHH, pa3JIHqHbi.



TaK, npl1 ,UeHCTBI1I1OKI1CJII1TeJIeHCI1JIbHee YMeHbIlIaeTC5I 'IYBCTBI1TeJIbHOCTb
3MYJIbCI10HHbIXCJIOeB C BOCCTaHOBI1TeJIbHOHceHcl16l1JIl13aUl1eH, lIeM C cep-
HI1CTOH, 3a ClIeT OKI1CJIeHI151cepe6pa Ag~. npl1 CepHI1CTOH ceHcI1611JII13aUl111
Ha6mo,UaeTC5I HeKOTOpOe paCIIIl1peHl1e CBeTOlIYBCTBI1TeJIbHOCTI1AgHal B ,UJII1H-
HOBOJIHOBYIO06JIaCTb CneKrpa (TaK Ha3bIBaeMa51 naHXpOMaTI13aUI151) BnJIOTb
,UO 630-650 HM, O,UHaKO rJIaBHOe CJIe,UCTBl1eS-ceHc11611JI113aUI1I1 - POCT
CBeTOlIYBCTBI1TeJIbHOCTI1B 06JIaCTI1 nOmOllleHI151 AgHal.

AHaJIOrnlIHa CepHI1CTOH CeJleHUCmaR ceHcl16l1JIl13aUI151 coe,UI1HeHI151MI1
C JIa611JIbHbIM CeJIeHOM, Hanpl1Mep, CeJIeHOMOlIeBI1HoH. npl1 Se-ceHcI1611-
JII13aUl11106pa3YIOTc5I Ag2Se-ueHTpbI. nO'u06HO CeJIeHOMOlIeBI1HaM,UeHcTByeT
KOJIJIOI1,UHhIHCeJIeH.

Oc060e MeCTO B TeXHOJIOrl111113roTOBJIeHI151BbICOKOlIYBCTBI1TeJIbHbIX<po-
TOMaTepl1aJIOB 3aHI1MaeT YBeJIl1lIeHl1e CBeTOlIYBCTBI1TeJIbHOCTI1B pe3YJIbTaTe
BBe,UeHI151B 3MYJIbCI11Onepe,U HalIaJIOM XI1Ml1lIecKoro C03peBaHI151 I1JII1B cepe-
,UI1HeHero COJIeH 30JIOTa. 30JIOTa51 ceHcl16l1JIl13aUI151 6blJIa OTKpbITa B 1936 r.
P. K03JIOBCKI1M, O,UHaKO3TO OTKpbITl1e B TelIeHl1e p5I,UaJIeT OCTaBaJIOCbceK-
peTOM <pI1PMbI Agfa [2, c.361]. K03JIOBCKI1H yCTaHOBI1JI, lITO onpe,UeJIeHHble
COJII130JIOTa, Hanpl1Mep, TI10UI1aHaTHble 11 TI10CYJIb<paTHble KOMnJIeKCbI 30-
JIOTa, 51BJI5IIOTC.IIceHcl16l1JIl13aTOpaMI1. 06bIlIHO 30JIOryIO ceHcI1611JII13aUI1IO
npOBO,U5lT,U06aBJIeHl1eM K )l(J1,UKOH3MYJIbCI111paCTBopOB, co,Uep)l(alllI1X Au3+
(HanpI1Mep, HAuCI4) I1JII1Au+ (HanpI1Mep, AuSCN). )l(eJIaTl1Ha BOCCTaHa-

BJII1BaeT Au3+ ,UO Au+, Bep05lTHO, B peaKUl111 C MeTI10HI1HOM [1, c.157].
npl1MeH5IeTC.II TaIOKe 06pa60TKa roTOBbIX <poTOCJIOeBB paCTBope COJII130JIOTa
nOCJIe 3KCnOHl1p0BaHI151.3TOT MeTO,UYCI1JIeHI151IJ;CH nOCJIe 3KCnOHl1pOBaHI151,
OlIeHb Ba)l(HbIH ,UJI5InOHI1MaHI151CyTH npouecca 30JIOTOH ceHc11611JIH3aUI1I1,
Ha3bIBaeTC5I JlameHcurjJuKau,ueu 30JIOTOM.

TI10Ul1aHaT-l1oH yCKop5leT I1JII1 06JIertraeT 30JIOrylO ceHc116HJI113aUI1IO,
Bep05lTHO, nyreM «orOJIeHI151» Ag-ueHrpoB H 06JIertreHI151 peaKUl111 C 110HaMH
Au + [1, c. 157]. 06bIlIHO B 3MYJIbCI1IOBBO,U5IT30JIOTOXJIOPI1CTOBO,U0P0,UHYIO
KI1CJIOryHAuC14 BMeCTe C po,UaHI1CTbIMaMMOHHeM I1JII1KaJII1eM npl1 H36bITKe
nOCJIe,UHI1XCOJIeH. npl1 3TOM 06pa3yIOTc5I KOMnJIeKCHble COJII1NH4Au(SCNh
I1JII1COOTBeTCTBeHHOKAu(SCNh.

npl1po,Ua ueHrpoB 30JIOTOH ceHCH6HJIH3aUHI1 51BJI5IeTC5Inpe,UMeToM pa3-
HOmaCI1H I1CCJIe,UoBaTeJIeH11, nO-BH,UI1MOMY,3aBI1CI1TOTYCJIOBI1HXI1Ml1lIeCKOH
ceHcl16l1JIl13aUI1I1. npO,UyKTaMH Au-ceHCH6I1JII13aUHI1 B oTcyTcTBHe CepHI1CTbIX
ceHcI1611JI113aTOpOB MOryr 6bITb 30JIOTble lIaCTI1UbI AU~ I1JIH a,UCOp6I1poBaH-

Hble 110HbI Au+. B03MO)l(HO 06pa30BaHHe Auo npl1 peaKUI1H C y)l(e HMe-
IOlllI1MI1C5IB 3MYJIbCHI1 Ago -ueHrpaMH, B03HI1KaIOIUHMI1, Hanpl1Mep, npH
3KCnOHI1pOBaHI111 (HX 30JIOlIeHHe). MO)l(HO npe,UnOJIaraTb, lITO B CJIyqae
AU-CeHCI16I1JII13aUI1I1 IJ;CH lIaCTHlIHO co,Uep)l(aT 30JIOTO. TaKa51 peaKUI151 co-
macyeTC5I C P5l,UOM Hanp5l)l(eHI151 MeTaJIJIOB. CpO'uCTBO K 3JIeKTpoHy Au+

56 KKaJI/MOJIb, Ag+ - 26 KKaJI/MOJIb [9, c.250]. H3BecTHO, lITO KaTaJII1TI1-
lIeCKa51aKTI1BHOCTb30nOTa B peaKUHH np05lBJIeHI151, KaK 60nee 6naropo,UHoro
MeTaJIna, BbIIlIe, '1eM cepe6pa.

Conl1 30nOTa, ecnH OHR Hcnonb3YIOTC51 I1H,UI1BH,UYaJIbHO,51BJI5IIOTC5IcpaB-
HHTeJIbHO cna6blMH ceHcl16HnR3aTOpaMI1, HO B CO'leTaHRH C S-ceHcH6HnH3a-
Ul1eH cnoc06Hbi 3HalIHTenbHO YBenHlIHBaTb lIYBcTBHTenbHocTb no cpaBHeHHIO
C O,UHORS-CeHCH6I1JIH3aUHeH ('" ,UO2-x pa3).

CepHHCTO-30nOTa.II CeHCH6I1JIH3aUI15151BJI5IeTC5IB HaCT05l111eeBpeM5I HaH-
60nee pacnpocrpaHeHHblM H 3<p<peKTHBHbIMTHnOM ceHcH6HnH3aUI1H. KOM-
6HHHpoBaHHa.II S + Au-ceHcH6HnH3aUI151 06bl'lHO npoBo,UHTC5I npH H3ro-
TOBJIeHHH3MynbCHH, O,UHaKO OHa MO)l(eT HMeTb MeCTO npH KYnaHHH S-
ceHCH6HnH3HpOBaHHoil: 3MynbcHH B paCTBope THOUHaHaTa 30nOTa nepe,U 3KC-
nOHHpOBaHHeM.

,lI.JI5IS+Au-ceHCH6HnH3aUHH xapaKTepHa a.MHTHBHOCTb,UeRCTBH5IOT,Uenb-
HblX BI1.ll0BCeHCH6I1JIH3aUHH. npHMep HX CYMMHpOBaHH5InOKa3aH Ha pHC. 57.
IJ;eHrpbl cepHHcTO-30noTOR ceHcH6HnH3auHH BbIllOnH5IIOT HeKOTopble HJlH
Bce 3neKTPOHOaKUenTOpHbie <PYHKUHHueHrpOB cepHHcToil: ceHcH6HnH3aUHH,
a, cne,UOBaTenbHO, yqacTByroT Ha CTa,UHH3axBaTa <poT03neKTPOHoB. 06pa3Y-
IOIUHeC5InpH 3TOM ueHrpbl CKpblTOro H306pa)l(eHH5I HenpeMeHHO BKJIIO'IaIOT
B ce651 aTOMbl 30nOTa [1, c.158]. TaKHM 06pa30M, HOHbl 30nOTa yqacTBY-

" ',lOT, KaK MHHHMYM, ,UB05lKO - YMeHbIlIaIOT KpHTHlIecKHil: pa3Mep ueHrpa
CKpbITOro H306pa)l(eHH5I, HHHUHHpYIOIUero np05lBJIeHHe, H cTa6HnH3HPYIOT
aTOMbl AgO B npouecce 06pa30BaHH5I CKpblTOro H306pa)l(eHH5I. CKpblTOe

Cl§ 0,5

IgH011I

PRe. 57. XapaKTepHCTH'IeCKHe KpHBble MenKo3epHHcToR MOHo,UHcnepcHoR AgBr-
3MynbCHH noene' Pll3JlH'IHblX BH,llOB XHMH'IeCKOH ceHCH6HJUf3aU\m: 1 - 6e3 XHMWlec-
KOH CeHCH6HnH3llUHH, 2 - nacne 30nOToA CeHCH6HnH3aUHH, 3 - nocne cepHHcToR
ceHCH6HJIHJaUHH }{ 4 - noeJIe cepHHcTo-30nOToH ceHCH6HJIH3aUHH [1, c.I58]



H306pIDKeHHe, 06pa3YIOlUeeC5I B S+AU-CeHCH6HJIH3HpOBaHHbIX 3MYJIbCH5IX
60JIee YCTOHqHBO K OT6eJIHBaHHIO (OKHCJIeHHIO) OKHCAAIOIUHMH areHTaMH,
qeM CI1, 06pa30BaHHOe B 3MYJIbCH5IX 6e3 30JIOTa. B TO BpeM5I, KaK no-
TeHUHaJIbI OKHCJIeHH5I CKpbITOro H306pIDKeHH5I, 06pa30BaHHOrO B 3epHax
C CepHHCTOH, BOCCTaHOBHTeJIbHOH If HpH.ll.HeBOH CeHCH6HJIH3aUHeH, B OCHOB-
HOM, COBna.lJ,aIOT C nOTeHUHaJIaMH OKHCJIeHH5I CI1, 06pa30BaHHoro B He-
CeHCH6HJIH3HpOBaHHbIX MHKpOKpHCTaJIJIax AgHal, 3HaqeHH5I nOTeHUHaJIOB
.ll.Jl51S + AU-CeHCH6HJIH3HpOBaHHbIX MHKpOKpHCTaJIJIOB 60JIee nOJIQ)KHTeJIbHbI
(TPY.ll.Hee OKHCJI5IeMbI). B JIHTepaTYPe [I, c. 158], KpOMe TOro, paCCMaTPHBa-

IOTC5I.ll.blpOqHO-aKuenTopHbIe CBOHCTBa qaCTHu Auo, aHaJIoruqHble npO.ll.YKTaM
BOCCTaHOBHTeJIbHOH ceHClf6HJIH3aUHH.

O.ll.HHM H3 BIDKHbIX CJIe.ll.CTBHH BBe.ll.eHH5I HOHOB 30JIOTa B 3MYJIbCHIO
C S-CeHCH6HJIH3aUHeH 51BJIBeTC5IYMeHbIIIeHHe ByaJIH. Oc06eHHo 51pKO 3TO
npo5lBJI5IeTC5I Ha nepe3peTbIX 3MYJIbCH5IX. K3III npe.ll.nOJIOXHJI [35], qTO HOH
30JIOTa 3aMe.ll.JlBeT pOCT Ag2S-ueHTPOB .ll.0 pa3MepOB ueHTPOB BYaJIH. B03MOX-
HO, qTO npOHCXO.ll.HT qaCTHqHa5I KOHBepCH5I CYJIb<pH.ll.a cepe6pa B CYJIb<pH.ll.
30JIOTa, KOTOpbIH H3-3a aMOp<PHOH CTPYKTYPbI He np05lBJI5IeT KaTaJIHTHqeCKHX
CBOHCTB, npHCYIUHX KJIaCTepy (Ag2S)n'

DJIaro.ll.ap51 S + Au-CeHCH6HJIH3aUHH CBeTOqYBCTBHTeJIbHOCTb COBpeMeH-
HbIX qepHo-6eJIbIX <pOTOMaTepHaJIOB .ll.OBe.ll.eHa.ll.OBeJIHqHHbI, 60JIbIIIeH 1000 e.ll..

fOCT.

CepHHCTYIO HJIH cepHHCTO-30JIOTYIO CeHCH6HJIH3aUHIO 3aqacTYIO COqeTa-
lOT C BOCCTaHOBHTeJIbHOH, B TOM qHCJIe BO.ll.0P0.ll.OM.llOKa3aHa a.D..ll.HTHBHOCTb
cepHHCTOH H BOCCTaHOBHTeJIbHOH CeHCH6HJIH3aUHH. llpHMep HX CYMMHPO-
BaHH5I npHBe.ll.eH Ha pHC. 58. Ag- H Ag2S-ueHTPbI .ll.eHcTBYIOT He3aBHCHMO
.ll.pyr OT .ll.Pyra. Cepe6p5lHbIe ueHTPbI - np0.ll.YKTbI BOCCTaHOBHTeJIbHoit ceH-
CH6HJIH3aUHH, nO-BH.ll.HMOMY, aKUemHpYIOT <pOTO.ll.b1PKH,a Ag2S-ueHTPbI -
<poT03JIeKTPOHbI. I1MeHHo no 3TOH npHqHHe Ha6JIIO.ll.aeTC5Ia.D..ll.HTHBHOCTb.ll.Byx
THnOB ceHCH6HJIH3aUHH. HaH60JIbIIIee nOBbIIIIeHHe qYBCTBHTeJIbHOCTH 6bIJIO
.ll.OCTHrHYTOnpH HCnOJIb30BaHHH BOCCTaHOBHTeJIbHOH ceHCH6HJIH3aUHH nocne
S + Au-CeHCH6HJIH3aUHH (TPOHHa5I ceHCH6HJIH3aUH5I). 3TO CBH.ll.eTeJIbCTBY-
eT 0 TOM, qTO S+Au-ceHCH6HJIH3aUH5I He 06eCneqHBaeT nOJIHoro 3axBaTa
.ll.bIpOK. OTKpbITHe JOJIOTOH ceHCH6HJIH3aUHH np06Y.ll.HJIO HHTepec K .ll.PY-
ruM 6JIaropO.ll.HbIM MeTaJIJIaM. 06CT05lTeJIbCTBOM, YCJIOXH5IIOIUHMXHMHqeCKYIO
ceHCH6HJIH3aUHIO HOHaMH 6JIarOpO.ll.HbIX MeTaJIJIOB, OKa3aJIOCb 06pa30BaHHe
KOMnJIeKCOB C XeJIaTHHOA, HanpHMep, .ll.Jl51cOJIeA nJIaTHHbI H naJIJIa.lJ,HSI -
K2PtCI4 H K2PdC4. CeHCH6HJIH3aUHSI COJISlMH Pt2+ H Pd2+ Ha6JIIO.ll.aeTCSI
B OTCYTCTBHHXeJIaTHHbI (30JIH AgBr, B npHCYTCTBHH nOJIHBHHHJIOBOro cnup-
Ta BMeCTO XeJIaTHHbI). B KaqeCTBe XHMHqeCKHX ceHCH6HJIH3aTOpOB HaIIIJIH
npHMeHeHHe COJIH HPH.lJ,H5I. I1CnOJIb3YIOTC5I reKCaXJIOpHpH.ll.aTbI lUeJIO'lHbIX

MeTaJIJIOB. B 3aBHCHMOCTH OT BaJIeHTHOro COCT05lHHSI HpH.ll.H5I COJIH MO-
fYT 6bITb aKuemopaMH 3JIeKTPOHOB (K2IrCI6, Ir4+), JIH60 .ll.bIpOK (K3IrCI6,

Ir3+). llPH HeKOTopbIX YCJIOBH5IX .ll.OCTHraeTCSI .ll.eC5ITHKpaTHoe YBeJIHqeHHe
CBeTOqYBCTBHTeJIbHOCTH 3MYJIbCHH COJI5IMH HpH.ll.HSI [9, c.252]. B HaCTOSllUee

BpeMSI HOHbI Ir4+ npe.ll.CTaBJI5IIOT HHTepec KaK ceHCH6HJIH3aTOpbI 06pa30BaHHSI
rny6HHHoro CKpbITOro H306pIDKeHHB. 110HbI HpH.ll.H5I BKJIIO'IaIOTCSI B MHKPO-
KpHCTaJIJIbI AgHal BO BpeM5I KpHCTaJIJIH3aUHH . .llpyrue MHOr03apjf.lJ.Hble HOHbI
Rh3+, 084+, Ru4+ H Pt4+, BBO.ll.HMble B roToBble 3M~JIbCHH, KaK npaBH-
JIO, BbI3bIBalOT .ll.eCeHCH6HJIH3aUHIO. 113BecTHO, '1TO Rh + C03.ll.aeT rny60KHe
JIOByIIIKH .lJ,JI5I3JIeKTPOHOB, 6JIaro.ll.ap51 '1eMy 3JIeKTPOH, 3axBaqeHHbIH Rh3+,
He yqacTByeT B 06pa30BaHHH cepe6p5lHoro CKpbITOro H306pIDKeHHSI. TaK xe
.ll.eHCTBYIOTHOHbI Hg2+ H Cu2+ (I, c. 159].

IgHCYrH

Pue.58. XapaKTepHCTHqeCKHe KpHBble MOHO.!lHCnepcHoHAgBr-3MYJIbCHH nocne pa3-
JIHqHblXBH,llOBXHMHqeCKOHCeHCH6HJIH3auHH: 1 - 6e3 XHMHqeCKoit CeHCH6HJlHJaUHH,
2 - nOCJIe cepHHcToH CeHCH6HJlH3aUHH, 3 - nOCJIe BOCCTaHOBHTeJIbHOHCeHCH6HJlH-
3aUHH H 4 - nocne cepHHcTO-BOCCTaHOBHTenbHoit CeHCH6HJlH3aUHH (1, c. 158J

Cpe.ll.H .ll.PyrHx BH.lJ,OBceHCH6HJIH3aUHH 3MYJIbCHH CJIe.ll.yeT OTMeTHTb BBe-
.ll.eHHe B rOToBYIO 3MYJIbCHIO HO.ll.HCTOrOKaJIH5I H nOJIH3THJIeHrnHKOJIeH. BBe-
.ll.eHHe KI BbI3bIBaeT YBeJIHqeHHe '1yBcTBHTeJIbHOCTH 6POMHO.ll.OCepe6pSlHoA
3MYJIbCHH TOJIbKO npH MaJIOH KOHueHTPaUHH HO.ll.H.ll.a[9, c.252]. llpH .ll.aJIb-
HeHIIIeM YBeJIHqeHHH KOHueHTPaUHH KI qYBCTBHTeJIbHOCTb pe3KO na.lJ,aeT.
OTqeTJIHBbIH 3<p<peKT CeHCH6HJIH3aUHH Ha6JIIO.ll.aeTCSI npH BBe.ll.eHHH HO.ll.H-
.ll.a B XJIopocepe6p5lHylO 3MYJIbCHIO. A.D.COp6UH5I HOHOB 1- Ha nOBepxHocTH
MHKpOKpHCTaJIJIOB npHBO.ll.HT K 06pa30BaHHIO OCTPOBKOB HO.ll.HCTOrO cepe6pa,
KOTopble SlBJI5IIOTC5IaKuenTopaMH 3JIeKTPOHOB - cBoe06pa3HbIMH ueHTPaMH
CBeTOqYBCTBHTeJIbHOCTH [9, c.252]. KpoMe TOro, HO.ll.H.ll.-HOHbI MOfYT 6bITb
aKuemopaMH .ll.blpOK AgBr H AgCl.



CKpbIToe 4>oTorpa4>U1JeCKOe
U300paJKeHUe

§ 1. 06pa30BaHHe CKpbIToro
clJoTorpacIJH'IeCKOrOH306pa1KeHHII

,ll.aHHblu pa3,D;eJI KHHnI nocaslIlleH TeopHH 06pa30BaHHH CKpbITOro <pOTO-

rpa<pHqeCKoro H306pa)l(eHHH (CM). B HeM paCCMOTPeHbI npOlleCCbI 06pa30-

BaHHH aTOMOB cepe6pa npH <pOTOB036Y)l()J.eHHH raJIOreHH,!J;a cepe6pa (AgHal),

}{BJIeHHe 3<p<peKTHBHoro KOHlleHTPHpOBaHH}{ 3THX aTOMOB B lleHTPbI CKpbITOro

H306pa)l(eHHH (UCM) H Ha OCHOBaHHH 3Toro ,D;aHO06'bHCHeHHe YHHKaJIbHOCTH

raJIOreHH,D;OB cepe6pa KaK CBeTOqYBCTBHTeJIbHOU Cpe,D;bI.

Y:lKe OTMeqaJIOCb, qTO npH <pOTOB036Y)l()J.eHHH AgHal 06pa3YIOTCH <pOTO-

3JIeKTPOHbI H <pOTO,D;blpKH. 3<p<peKTHBHOCTb reHepallHH CB060,D;HbIX HOCHTeJIeU

3apMOB B AgHal 6JIH3Ka K e,D;HHHlle [1, c. 115]. OTJIHqHe raJIOreHH,!J;OB cepe6pa

OT ,D;PYnlX <pOTonpOBO,D;HHKOB TaK:lKe C BbICOKOU 3<p<peKTHBHOCTbIO reHepallHH

<poT03apMoB 3aKJIIOqaeTCH B TOM, qTO pe3YJIbTaTOM <pOTOB036Y)l()J.eHHH HBJIH-

eTC}{ He TOJIbKO pO)I()J.eHHe <pOT03JIeKrpOHOB H ,D;blPOK, HO H 06pa30BaHHe

npo,D;yKTa <pOTOXHMHqeCKOU peaKllHH - aTOMOB H MOJIeKYJI cepe6pa Ag~.

XapaKTepHO npH 3TOM, qTO B 06blqHOU npaKTHqeCKOU <pOTorpa<pHH Ha CBe-

TOqYBCTBHTeJIbHbIU MaTepHaJI B03,D;eUcTByeT CTOJIb MaJIOe KOJIHqeCTBO CBen

(OT 4-x ,D;O20-TH KBaHTOB Ha 1 MHKpOKpHCTaJIJI AgHal), qTO 06pa3yIOIUeecH

B HeM cepe6po HeJIb3}{ 06Hapy:lKHTb HHKaKHMH HMeIOIUHMHCH aHaJIHTHqeCKH-

MH MeTO,D;aMH. II03ToMY 06pa3YIOIUeeC}{ npH 3KcnoHHpoBaHHH H306pa)l(eHHe

Ha3blBaeTCH CKpblmbIM u306paJICenueM, a cepe6po - cepe6poM CKpbITOro H30-

6pa)l(eHH}{. 3T0 HeBH,D;HMbIU npe,D;llIeCTBeHHHK nOJIe3Horo, T. e. BH,D;HMOrO

H306pa)l(eHHH, B03HHKaIOIUero JIHllIb nOCJIe npO}{BJIeHH}{. Cepe6po CKpbITOro

H306pa)l(eHHH CJIy:lKHT KaTaJIHTHqeCKHM lleHTPOM, HHHllHHPYIOIUHM BOCCTa-

HOBJIeHHe ranOreHH,!J;a cepe6pa B MHKpOKpHCTaJIJIe ,D;Ocepe6pa no,D; ,D;eUCTBHeM

BoccTaHOBHTeJIeU, CO,D;ep:lKaIUHXCH B npOHBJI}{IOIUeM paCTBope. DJIaro,D;apH rpo-

Ma,D;HOMY K03<P<PHllHeHTY yCHJIeHH}{ (nOPMKa 109) npH npOHBJIeHHH lleHTPbI

CKpbIToro H306pa)l(eHHH MOJIeKYJI}{pHbIX pa3MepoB npeBpaIUaIOTcH B BH,!J;HMble

qaCTHllbI cepe6pa H306pa:lKeHHH.

KBaHToBblU BbIXO,D;06pa30BaHHH aTOMOB cepe6pa npH <pOTOB036Y)l()J.eHHH

AgHal MO:lKeT ,D;OCTHraTb e,D;HHHllbI, T. e. Ha Ka)l()J.bIU nOrJIOIUeHHblu pellieTKou

AgHal <pOTOH 06pa3yeTC}{ O,D;HH aTOM cepe6pa. O,D;HaKO BbICOKHU KBaHTO-

BbIU BbIXO,D; 06pa30BaHH}{ AgO eIUe He 03HaqaeT BbICOKYIO <pOTorpa<pHqeCKYIO

qYBCTBHTeJIbHOCTb MHKpOKpHCTaJIJIOB AgHal. ,ll.JIH ,D;OCTH:lKeHH}{ BbICOKOU CBe-

TOqYBCTBHTeJIbHOCTH <pOTOMaTepHaJIa ,D;OJI:lKHbI BbInOJIH}{TbC}{, no KpaUHeu

Mepe, ,D;Ba yCJIOBHH: 1) 06pa3YIOIUHecH aTOMbI Ago ,D;OJI:lKHbI 3<p<peKTHBHO co-

6HpaTbcH B ne6oAbwoe qHCJIO lleHTPoB CKpbITOro H306pa)l(eHH}{ H 2) ,D;OJI:lKHa

OTCYTCTBoBaTb peKoM6HHallH}{ aTOMOB cepe6pa C <pOTO,D;blpKaMH, npHBoMIUM

K OKHCJIeHHIO 06pa30BaBIlIHxcH cepe6pHHbIX qaCTHIl. PaccMoTpHM HeKOTopble

TeopHH, 06'bHCH}{IOIUHe BbICOKYIO 3<p<peKTHBHOCTb 06pa30BaHHH CKpbIToro

<poTorpa<pHqeCKOrO H306pa)l(eHHH B AgHal. CpaBHHTeJIbHOe paccMoTPeHHe

HeCKOJIbKHX TeopHu ,D;OJI:lKHOcnoc06cTBoBaTb pellIeHHIO OCHOBHoro Bonpo-

ca n03HaHHH no KOH<PYIlHIO - 06 HCTHHHOM H JIO:lKHOM 3HaHHH: qTO MbI

HCTHHHO 3HaeM, qTO ,D;yMaeM, qTO 3HaeM H qero He 3HaeM.

B KOHlle XIX - HaqaJIe XX BB. 6bIJIH npe,D;JIO:lKeHbI pa3JIHqHble MexaHH3MbI

06pa30BaHHH CM. HeKoTopble H3 HHX 6bIJIH YM03pHTeJIbHbIMH H OT HHX Bno-

CJIe,D;CTBHH OTKa3aJIHCb. HOBa}{ 3pa HCCJIe,D;OBaHHU HaqallaCb B 1925 r. nOCJIe

06HapY:lKeHHH llIennap,D;oM [27] cnoc06HoCTH CYJIb<pH,D;acepe6pa YBeJIHqHBaTb

qYBCTBHTeJIbHOCTb <poTOrpa<pHqeCKOU 3MYJIbCHH. Tor,D;a llIennap,D;, TpHBeJIH

H JlOBJIeH,D; [36] BbICKa3allH npe,D;nOJIO:lKeHHe 0 TOM, qTO lleHTPbl H3 CYJIb<pH,D;a

cepe6pa MOryr «KOHlleHTPHpOBaTb aTOMbI cepe6pa, BOCCTaHOBJIeHHble CBeTOM,

nOrJIOIUeHHbIM 6pOMH,D;OM cepe6pa ... 3TO He06xo,D;HMoe H ,D;OCTaTOqHOe yCJIO-

BHe ,D;JIH 06JIerqeHH}{ npOHBJI}{eMOCTH 3epeH 6pOMH,D;a cepe6pa npH ,D;aHHOU

3Kcn03HllHH». II03ToMY B TeqeHHe p}{,D;aJIeT OCHOBHOU lleJIbIO TeopeTHKOB 6bI-

JIO BbmCHeHHe MexaHH3Ma, 06'b}{CHHIOIUero, KaKHM 06pa30M OCYIUeCTBJIHeTC}{

3TO KOHlleHTPHpOBaHHe.

B 1938 r. fepHH H MOTT [37] (MOTT BnOCJIe,D;CTBHH H06eJIeBCKHU JIa-

ypeaT no <pH3HKe TBep,D;oro TeJIa) npe,D;JIO:lKHJIH ,D;BYXCTa,D;HUHbIU MexaHH3M,

OCHOBaHHbIU Ha nOCJIe,D;OBaTeJIbHOM 3aXBaTe <poT03JIeKrpOHOB H Me:lKY3eJIb-

HbIX HOHOB cepe6pa. OHH nHCallH: «Bce, qTO HaM He06xo,D;HMO, TaK 3TO MeCTO

Ha nOBepXHOCTH 3epHa, KY,D;a MO:lKeT "npHJIHnHYTb" 3JIeKTPOH. ECJIH ypOB-

HH npOBO,D;HMOCTH CYJIb<pH,D;a cepe6pa HH:lKe, qeM 6pOMH,D;a, TO CYJIb<PH,D;HbIU

lleHTP 6y,D;eT BbI3bIBaTb CJIe,D;YIOIUHU 3<p<peKT: 3JIeKTpOH C ypOBHH npOBO,D;HMO-

CTH KpHCTaJIJIHqeCKOU pellIeTKH npH BCTPeqe C CYJIb<PH,D;HbIM lleHTPOM yna,D;eT

Ha Hero C nOTeHIlHallbHOrO B03BbIllIeHHH H npHJIHnHeT K HeMy. TaKHM 06pa-

30M, lleHTP CTaHeT 0TPHllaTeJIbHO 3apH:lKeHHbIM: K HeMy 6Y,D;YT npHTHniBaTbCH

HOHbI cepe6pa H 6y,D;eT paCTH cepe6pHHbIU lleHTP nYTeM qepe,D;YIOIUerOCH

3axBaTa 3JIeKrpOHOB H BOCCTaHOBJIeHHH Me:lKY3eJIbHbIX HOHOB cepe6pa Ha lleH-

TPe 3axBaTa». ECTeCTBeHHO, qTO JIOBYIliKOU <pOT03JIeKTPOHa He 06H3aTeJIbHO

MO:lKeT 6bITb Ag2S-11eHTP, HO H JII060U ,D;pyrou ,D;e<peKT pellIeTKH AgHal.

HeCMOTP}{ Ha nOCJIe,D;yIOIUHe MHOrOqHCJIeHHble nonbITKH peBH3HH TeopHH

fepHH- MOTTa 3Ta n1nOTe3a, OCHOBaHHaH Ha 06IUHX npe,D;CTaBJIeHH}{X <pH3HKH



TBepJloro TeJIa, JlO CHX nop OCTaeTCR He3hI6JIeMOH OCHOBOH <pOTOrpa<pH\feC-

KOH HayKH. CYTb MexaHH3Ma fepHH-MoTTa TaKHM 06pa30M COCTOHT B TOM,

\fTO <POTOJIH3 CBOJJ;HTCRK 3JIeKTPOHHOH H HOHHOH CTa)lHRM: nepBH\fHbIH aKT

eCTb ocB060)((JleHHe <p0T03JIeKTPOHa, a aTOM AgO 06pa3yeTcR npH 3axBaTe

3neKTPOHa JIOByWKOH H nOCJIeJlYIOlueM 3JIeKTPOCTaTH\feCKOM npHTR)({eHHH

K nOKaJIH30BaHHOMY 3JIeKTPOHy Me~3eJIbHOrO HOHa cepe6pa. 3TOT npo-

uecc MHoroKpaTHO nOBTOpReTCR JlO 06pa30BaHHR cepe6pRHoro arperaTa Ag~.

CXeMam'leCKH npouecc 06pa30BaHHR CH nOKa3aH Ha pHC. 59.

BMeCTe C Ago H3 AgHai npH JJ;eHcTBHH CBeTa JJ;OJI)({Ha yxOJJ;HTb JlblpKa

B BHJJ;e Hal. llo fepHH-MoTTY [37] TaKOH npouecc MO)({eT Ha'lHHaTbCR C MH-

rpaUHH <pOTOJlhIPKH K nOBepXHOCTH MHKpOKpHCTaJIJIa. OJlHaKO, B npeJJ;CTaBJIe-

HHSlX fepHH - MOTTa cYJJ;b6a JlblpKH HHTepeca nO'ITH He Bbl3blBaJIa H JlblpO'lHble

npoueCCbl He paCCMaTPHBaJIHCb. EOJIee nOJlp06HO H B KOJIH'IeCTBeHHOH <popMe

MexaHH3M fepHH-MOTTa 6blJI pa3BHT faMHJIbTOHOM [3; 1, c. U8]. MOJleJIb fa-

MHJIbTOHa paccMaTPHBaJIa y)({e H cYJlb6y JlblpOK. 3Ta MOJleJIb BKJIIO'IaJIa 'IeThIpe

cYlUecTBeHHo B3)({HbIX C06bITHSI: nOrJIOlUeHHe <poToHa, peKoM6HHaUHIO, 3apo-

JJ;hIwe06pa30BaHHe H pOCT cepe6pRHbiX 'IaCTHU (pHC. 60). OCB060)((JlalOlUHeCR

npH JJ;eHcTBHH CBeTa <poT03JIeKTPOHbl (e) H JlblpKH (P) MOfYT 6blTb 3axBa'leHbi

COOTBeTCTBYlOlUHMH JIOByWKaMH (e3 H P3). B03MO)({Hbl npoueCCbl peKoM6HHa-

UHH cB060JJ;Hb1X JlhIpOK C 3axBa'leHHbIMH 3JIeKTPOHaMH (p + e3) H, Ha060poT,

CBOOOJlHhIX 3JIeKTPOHOB C 3axBa'leHHblMH JlblpKaMH (e + P3). BepoRTHoCTb

peKoM6HHaUHH cB060JJ;HOro HOCHTeJIR 3apSlJla C JIOKaJIH30BaHHbiM npOTHBO-

nOJIO)({HbIM 3apSlJlOM CYlUeCTBeHHO 60JIbWe BepORTHOCTH peKoM6HHaUHH JlByX

CB060JJ;HbIX HOCHTeJIeH [1, c. U8]. llPH peaKUHH e3 C Me)({Y3eJIbHbIM HO-

HOM Agj+ 06pa3yeTcSI Ago, npeou,enmp CKphITOro H306p3)({eHHR, a 3aXBa'leHHaSI

JlbIPKa BblJleJIReTCSI B BHJle aTOMa ranoreHa, a JlaJIee, B03MO)({HO, MOJIeKy-

JIhI Hah. llpoueccbl, YKa3aHHbie Ha pHC. 60 CTPeJIKaMH B npRMOM H 06paTHoM

HanpaBJIeHHH, 06paTHMbl. lloCJIeJlYlOlUHH 3aXBaT aTOMOM Ago 3JIeKTPOHa

C 06pa30BaHHeM OTPHuaTeJIbHO 3apR)({eHHoro HOHa Ag-, a 3aTeM Agj+ po-

)((JlaeT MOJIeKyJIy Agg. 3THM 3aBepwaeTCR CTa)lHR 3apOJlbIWe06pa30BaHHR.

B pe3YJIbTaTe 3apOJlblllle06pa30BaHHR <popMHpyeTcR cy6u,enmp CKpblTOro H30-

6p3)({eHHR Agg, KOTOPblH B OTJIH'IHe OT Ago (npeJlueHTPa CH) RBJIReTCR y)({e

cTa6HJIbHhIM, OJlHaKO elUe He npORBJISIeMbIM ueHTPOM CH [1, c. U4]. npH

'IepeJlOBaHHH 3axBaTa 3JIeKTPOHa H Agj + Ha nOCJIeJlYlOlUeH CTa)lHH pocma 3a-

pOJJ;blWeH 06pa3YlOTcR cepe6pRHbie KJIaCTepbl Agt Ag~, Agg H T.Jl. faMHJIbTOH

H EaHep nOKa3aJIH, 'ITO MO)({HO, HCXOM H3 npHBeJleHHOH cxeMbl, 06'bSlC-

HHTb Bce Ha6JIIOJJ;aeMble 3aKoHoMepHocTH, C'IHTaR, 'ITO Bce npoueCChI HOCSIT

BepoRTHocTHblH xapaKTep H JlJlSl Pa3JIH'IHbIX MHKpOKpHCTaJIJIOB OHH OCYlUe-

CTBJISIIOTCSIC pa3HhIM YJleJIbHblM BeCOM (B 3aBHCHMOCTH OT CBOHCTB JJ;aHHoro

MHKpOKpHCTaJIJIa) no 3aKoHy CJIyqaSl [3, c.409].
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PIle. 60. MOJlem. fllMHJIbTOHa WIll 3Ha'lHMbIX C06bITHH B o6pa30BaHHH CKpbITOrO
H306p3)({eHIDI [2, c.371]

llOCJIeJJ;HHe TPH C06bITHSI B MOJleJIH faMHJIbTOHa - peKoM6HHaUHSI, 3a-

pOJlbIWe06p330BaHHe H pOCT 3ap0JJ;blwa (pHC. 60) BKJIIO'IaIOT 3axBaT HOCHTeJISI

3apSlJla ueHTPQM, HMelOlUHM npOTHBOnOJIO)({HbIH 3apSlJl. C KyJIOHOBCKHM 3a-

PSlJlOBblM B3aHMoJJ;eHcTBHeM CBSl3aH H 3axBaT CB060JlHbIX HOCHTeJIeH 3apSlJla

Ha JIOBylliKax. Ha MHKpOKpHCTaJIJIaX AgHaI, He nOJlBeprHYTblX XHMH'IeCKOH

CeHCH6HJIH3aUHH, T. e. 6e3 npHMeCHblX ueHTPOB, POJIb JIOByweK HrpalOT Jle-
<peKTbl peweTKH, oc06eHHO nOBepXHOCTHble. H3BeCTHO, 'ITO H3JIOMbl CTYneHeH

Ha nOBepXHOCTH, HMelOlUHe 3apSlJl, paBHblH nOJIOBHHe 3JIeKTPOHHoro, JJ;OJI)({-

Hbl 6hITb JIOBYWKaMH JlJlSl HOCHTeJIeH npOTHBOnOJIO)({HOrO 3HaKa (pHC. 8). TaK,

3apSlJl H3JIOMa CTYneHH C Ag+ npH HJleaJIH3HpOBaHHoH CHTYaUHH COCTaBJISIeT

+e/2. llocJIe 3aXBaTa 3JIeKTPOHa OH npH06peTaeT 3apSlJl -e/2 H cnoc06eH npH-

TSlrHBaTb nOJlBH)({Hble Ag/ HJIH <pOTOJlblpKH. llocJIe B3aHMOJleHCTBHR C Agj+

ueHTP npH06peTaeT BHOBb 3apSlJl +e/2, T. e. cnoc06eH BHOBb npHTRrHBaTb

<pOT03JIeKTPOHbl H, KpOMe TOro, OTTaJIKHBaTb OT ce6S1 nOJIO)({HTeJIbHble Jlblp-

KH. 3Ta )({e apryMeHTaUHR n03BOJISIeT 06'bSlCHHTb nOBeJleHHe ueHTPOB 3axBaTa



.llblpOK. llpe.llCTaBJIeHHe 0 JIOBYlliKe C .llP06HbIM 3apSl.llOM, T. e. MeHbIIIHM 3JIeK-
TPOHHOrO, npHBO.llHT-K nepeMeHe 3HaKa 3apSl)la (aJIbTepHHpOBaHHIO 3apSl)la)
nOCJIe Ka)l()loro 3JIeMeHTapHOrO aKTa B npOlleCCe 06pa30BaHHSI CI1, qTO C03.lla-
eT qHCTO 3JIeKTPOCTaTHqeCKYIO CHJIY, HanpaBJISIIOlllYIO KaK 3JIeKTPOHHble, TaK
H HOHHble aKTbI npOlleCCa 06pa30BaHHSI CI1 H CBO)lSlIllYIOK MHHHMYMYBepO-
SlTHOCTbpeKOM6HHallHH. U,HKJlHpOBaHHe 3apSl)la B npOlleCCe cP0PMHP0BaHHSI
U,CM: nOKa3aHO Ha pHC. 61 [3, c.407].

IIpe.llueHTp
CM

UeHTp
CM

I Cy6ueHTp
Cl1

I
I
I
I I

-e/2 I -e/2 I -e/2 -e/2
Ag+ I Ag+ I Ag+ _ Ag+ _~~:;/":7"7''' 7'

Ag Ag2 Ag3 A&.

+e/2 +e/2 +e/2 +e/2
I I

HeCTa6HJIbHblii I 3apo.llblwe- I
ueHTp I 06pll3oBaHHe I

he.61. CxeMa aJIbTepHHpOBaHIDl 3apAAa IIpH pocTe CKpbITOro H306palKeHIDl Ha
IIOJIO)KHTeJIbHO3apJJJKeHHOM H31l0Me CTyIIeHH Ha IIoaepXHOCTH MHKpoKpHCTaJIJIa AgHal

l131l0M
+e/2

CqHTaeTCSI, qTO my6HHa 3JIeKTPoHHbIX JIOBYllieK Ha H3JIOMax CTYfieHeH
H Ha caMHX CTYneHSIx MHIq>OIq>HCTaJIJIOBAgBr HeBeJIHKa [2, c. 373]. 06Pa3YIO-
lllHecSi aTOMbI cepe6pa - npe.lllleHTPhi CM: - TepMHqeCKH HeycTOHqHBbI, T. e.
.llHCCOllHHPYIOTHa 3JIeKTPOHbI HAgj +. BpeMSI )(Q{3HHaTOMOBcepe6pa B 3aBHCH-
MOCTHOTorpaHKH MHIq>OIq>HCTaJIJIOB,XHMHqeCKOHCeHCH6HJIH3allHH H BHeIll-
HHX YCJIOBHH(HaJIHqHe .lleCeHCH6HJIH3aTOpoB, O2 H H20) MO)l{eTCOCTaBJISlTb

BeJIHqHHY OT 10-6 .llO 103 C [2, c.341]. O.llHaKO no Mepe pOCTa cepe6pSlHoro
KJlaCTepa ero CP0.llCTBOK 3JIeKTPoHY B03paCTaeT, a 06pa3YIOlllHecSi cepe6pSlHble
qaCTHllbI, HaqHHaSI C Agg - cy611eHTPa CI1, CTaHoBSlTCSICTa6HJIbHbIMH.

CepHHCTaSI ceHCH6HJIH3allHSI H CeHCH6HJIH3allHSI COJISlMH30JI0Ta, KaK OT-
MeqaJIOCb paHee, C03.llaeT Ha nOBepXHOCTH 3MYJIbCHOHHbIXMHIq>OIq>HCTaJIJIOB
60JIee rny60KHe lleHTPbI 3axBaTa 3JIeKTPoHOB. l103TOMY BePOSITHOCTbBbI)I{H-
BaHHSI npe.lllleHTPa CM: H nepeXO.lla B cy611eHTP B03paCTaeT, qTO npHBO.llHT
K pOCTY CBeTOqYBCTBHTeJIbHOCTH,oco6eHHo npH HH3KHX YPOBHSlXOCBellleH-
HOCTH. 3HaqHTeJIbHYIO POJIb B ymy6JIeHHH JIOBYllieK )lJlSl cP0T03JIeKTPQHOB
H B CTa6HJIH3allHH npe.lllleHTPOB CI1 Ha npO.llyKTax S-ceHCH6HJIH3allHH MO)l{eT
HrpaTb nOJIO)l{HTeJIbHbIH 3apSl)l Ha Ag2S-11eHTPaX, C03.llaBaeMbIH Mcop6HPO-
BaHHbIMH (H3 peIlleTKH - Agj + HJIH H3 paCTBopa - Ag;) HOHaMH cepe6pa

(Ag2S/ Ag+). 3apSl)l{eHHble Ag2S-ueHTPhI C03.llaIOT BHYTPH 3MYJIhCHOHHOro
MHKpOKpHCTaJIJIa 3JIeKTPHqeCKOe nOJIe, BbITSlfHBaIOlllee 3JIeKTPOHbI K lleHTPY
'IYBCTBHTeJIbHOCTH.

§3. MexaHU3M MUTtleJIJIa

B TeopHH repHH - MOTTa He.llOCTaTOqHOe BHHMaHHe Y.lleJISIeTCHcY.llh6e
.llhlpKH. repHH H MOTT CqHTaJIH, qTO .llhlPKH He OKa3bIBaIOT CYllleCTlleHHoro
BJIHSlHHSIHa npouecc 06pa30BaHHSI CI1. llpe.llnOJIaraJIOCb, qTO nO.llBH)I{HOCTb
.llhIpOK OqeHh MaJIa, 3HaqHTeJIhHO MeHhIlle nO.llBH)I{HOCTH3JIeKTPOHa H TaK)l{e
MeHhIlle nO.llBH)I{HOCTHMe)l{Y3eJIhHOrO HOHa Agj +. ll03TOMY K 3aXBaqeHHOMY
npHMeCHbIM ueHTPOM 3JIeKTPOHY .llOJI)I{eH 6bICTpee nO.llOHTH HOH cepe6pa,
qeM .llhIpKa. OKa3aJIOCb, qTO XOTSInO.llBH)I{HOCTh.llbIpOK .lleHCTBHTeJIbHO Ma-
JIa (npH6JIH3HTeJIbHO Ha .llBa nOpSl)lKa MeHhIlle nO.llBH)I{HOCTH3JIeKTPOHOB),
HO OHa Bce )l{e 60JIhIlle nO.llBH)l{HOCTHMe)l{y3eJIhHhIX HOHOB cepe6pa. TaK,
nO.llBH)I{HOCTbMe)l{Y3eJIhHhIX HOHOB cepe6pa B KpHCTaJIJIax AgBr COCTaBJISIeT
/-LAgi' ~ 3· 10-

4
CM

2
/B· c, a nO.llBH)I{HOCTh.llhIpOK B 3MYJIhCHOHHhIXMHIq>OIq>H-

CTaJIJIaX /-Lp = 10-
3

CM
2
/B·c [9, C. 196]. BnpOqeM, HaH60JIee nO.llBH)I{HhIe HOHbI

cepe6pa B 3MYJIhCHOHHhIXKpHCTaJIJIaX nepeMelllaIOTCSI no nOBepXHOCTH MK,
O.llHaKO HX nO.llBH)l{HOCThHenOCpe.llCTBeHHO He 6hma H3MepeHa [9, C. 196].

MexaHH3M MHTqeJIJIa OTJIHqaeTCSI OT MexaHH3Ma fepHH-MoTTa .llByMSI
npHHllHnHaJIhHhIMH nOJIO)l{eHHSlMH: 1) comaCHO MHT'leJIJIy 3aXBaT .llhIpKH
B AgHal npe.llIllecTByeT 3aXBaTy cPOT03JIeKTPOHa H 2) nOCJIe.llOBaTeJIhHOCTh
3JIeKTPOHHOH H HOHHOH CTMHH npH 06pa30BaHHH CM: 06paTHaSl, T. e. nepBO-
HaqaJIhHO Ha ueHTPe Mcop6HpyeTcSI HOH cepe6pa, a 3aTeM cPoT03JIeKTPOH [38].
llo MHTqelIJIY B MHIq>OIq>HCTaJIJIaXA&Hal HeT my60KHx 3JIeKTPOHHhIX JIOBy-
IlleK, a HMeeTCH JIHIllh 3HaqHTeJIhHOe 'mCJIO (KaK npaBHJIO, Ha nOBepXHOCTH
HJIH Ha .llHCJIOKallHHX) MeJIKHX JIOByllieK. Ero paCqeThI, OCHOBaHHbIe Ha no-
JIYKJlaCCH'IecKoH MO.lleJIH, nOKa3aJIH, qTO my6HHa JIOByllieK Ha H3JI0Max (kink
sites) H Ha cTyneHHx Oogs) AgBr MeHhIlle 0,05 3B npH KOMHaTHOHTeMnepaType .
ll03TOMY 3aXBaT 3JIeKTPOHOB Ha TaKHX Hemy60KHx JIOBylliKax MaJIOBepOSITeH
H BO BCHKOM CJIyqae OHH He MOryT CJIY)l{HTh lleHTPaMH KOHlleHTPHpOBa-
HHH aTOMOB cepe6pa B O.llHOMHJIH He60JIhUIOM qHCJIe MeCT MHIq>OKpHCTaJIJIa
AgHal. llo ero MHeHHIO, lleHTPhI 3axBaTa 3JIeKTPOHOB B03HHKaIOT JIHUIh nOCJIe
3aXBaTa .llhIpOK.

ComaCHO MHTqeJIJIY [38], nOCJIe cPOToB036y)1()leHHH AgHal 3JIeKTPOHhI
npOBO.llHMOCTH H .llhIPKH nepBOHaqaJIhHO .llHcPcPYH.llHPYIOTxaOTHqHO B TPex
HanpaBJIeHHHX no MHKpOKpHCTaJIJIy. 3aTeM .llhIpKH 3axBaTbIBaIOTCSI, npe)l()le
Bcero npO.llyKTaMH XHMHqeCKOH ceHCH6HJIH3allHH, KOTopbIe TaKHM 06pa30M
npeTepneBaIOT cPOToOKHCJIeHHe (pHC. 62,6). 06pa3YIOlllHHCH HepaBHoBecHhIH
H36bITOqHbIH nOJIO)l{HTeJIbHhIH 3apSl)l Ha lleHTPe KOMneHcHpyeTcH B pe3yJIb-
TaTe .llHcPcPY3HH B 06beM MHKpOKpHCTaJIJIa Me)l{Y3eJIhHOrO HOHa cepe6pa.
HanpHMep, )lJlH Ag2S-ueHTPa:

Ag2S +p+ --+ Hal- + Ag2St (22)



Pac. 62. CXeMaTHQeCKOe H306paxeHHe npouecca 06PaJOBaHIDI CKpblTOro H306paxe-
HIDI no MexaHH3MY feHpH-MOTIa (a) If no MexaHH3MY MH~eJIJIa (6)

B pe3YJIbTaTe 3aXBaTa ,nblpOK B MIfKpOKpIfCTaJIJIe YBeJIHQHBaeTCH KOHueHTPa-

UHH Me:lKY3eJIbHbIX HOHOB cepe6pa. 3aXBaT 3JIeKTPoHa npoHcxo,nHT 6JIaro,napH

comacoBaHHoH ,nH<P<PY3HH K MeJIKOH JIOBywKe KaK 3JIeKTPoHa npoBo,nHMOCTH,

TaK H Ag/. TaKHM 06pa30M, 3JIeKTPoHbI KaK 6bI KOMneHcHpylOT KYJIOHOB-

CKoe OTTaJIKHBaHHe ,nByx nOJIO:>KHTeJIbHbIX 3apMoB - JIOByWKH H Agj +. POCT

06pa30BaBwerOCH npH peKOM6HHauHH <pOT03JIeKTPOHa H Ag/ aTOMa cepe6pa

,nOJDKeH 3aBHceTb OT nOBTopeHHH npouecca. IIpH HeKOTopOM KPHTHqeCKOM

pa3Mepe cepe6pHHOH qaCTHubI OHa yxe MO)KeT a,nCOp6HpOBaTb HOH cepe6-

pa H npH06peTaTb nOJIO:>KHTeJIbHbIH 3apM: ~ + Agj+ <== ~+I. ComaCHO

MH~eJIJIY a,nCOp6UHH Ag+ Ha ~ B03MO)KHa C n ~ 3, HO He Ha cy6-

ueHTPax Agg. IIoJIo:>KHTeJIbHo 3apj})KeHHble ueHTPbI THna Agt BbI3bIBalOT

,naJIbHo,neHcTBYIOIUee KYJIOHOBCKoe npHTj})KeHHe 3JIeKTPoHa npOBo,nHMOCTH,

KOTOpbIH CMeIUaeTCH B 3JIeKTPHqeCKOM nOJIe B If X HanpaBJIeHHH. TaKHM

06pa30M, TaKoH ueHTP CTaHOBHTCH ueHTPOM KOHueHTPHpoBaHHH Clf. IIocJIe

3aXBaTa 3JIeKTPOHa nOJIO:>KHTeJIbHbIH 3apH,n BHOBb BOCCTaHaBJIHBaeTCH 3a CqeT

a,nCOp6UIfH ,npyroro HOHa Agj + If BbI,neJIeHHe aTOMOB cepe6pa Ha ueHTPe npo-

HCXO,nHT C KBaHTOBbIM BbIXO,nOM, 6JIH3KHM K e,nHHHue. TaKIfM 06pa30M, eCJIH

B MexaHH3Me fepHH-MoTTa 3axBaT 3JIeKTPOHa Ha JIOBywKe npe,nwecTByeT

BJaHMo,neHcTBHIO C Agj +, TO B MexaHIf3Me MH~eJIJIa a,nCOp6UHH Agj + JIH60

COnpOBO)K,LJ;aeT 3axBaT 3JIeKTPOHa Ha CTa,nHH 06pa30BaHHH aTOM a cepe6pa,

JlH60 npe,nwecTByeT eMy Ha nocJIe,nylOIUHx CTa,nHHX pOCTa ~. B HaCTOHIUee

BpeMH MexaHH3M MHTqeJIJIa He HBJIHeTCH 06IUenpHHHTbIM B OTJIHqHe OT Me-

xaHH3Ma fepHIf - MOTTa, o,nHaKO 060CTPeHHbIH HHTepec K cy,nb6e ,nbIPOK,

xapaKTepHbIH ,LJ;JIHno,nxo,na MH~eJIJIa, HeCOMHeHHO Cblrpan nOJIO)KIfTeJIbHYIO

POJIb B pa3BIfTHH npe,ncTaBJIeHHH 0 npoueccax 06pa30BaHIHI Clf. BnocJIe,n-

CTBHH ,LJ;JIH06'bHCHeHHH MeHbweH, qeM ,LJ;JIH<pOT03JIeKTPoHa, no,nBIf)KHOCTIf

,nblpKH B AgHal If, B CBH3H C 3THM, YMeHbweHHH BepOHTHOCTH peKoM6H-

HaUIfH 3JIeKTPOHOB H ,nblPOK, MaJIHHOBCKHA [39] paCCMOTPeJI o6pa30BaHHe

HeHTPaJIbHOrO KOMnJIeKCa Me)K,LJ;y,nblPKOA H KaTHOHHOH BaKaHCHeH B peweTKe

AgHal ([p+ . Ago)). ):{BH)KeHHe ,nblPKH B BH,ne KOMnJIeKCa CYIUeCTBeHHO 3a-

Me,LJ;JIeHO,6JIaro,napH qeMy 3JIeKTPOHHO-HOHHbIe npoueCCbI 06pa30BaHHH Clf

no fepHH-MOTTY MOryT 3aBepWHTbCH paHbwe, qeM ,nbIpKa npo,nH<p<pYH,nH-

pyeT K MeCTY 06pa30BaHHH U;Clf. KpoMe TOro, BCJIe,nCTBHe HeATPaJIbHoro

JapMa ,nbIpKH B KOMnJIeKCe BepOHTHOCTb KYJIOHOBCKOro B3aHMo,neAcTBHH

,nblpKH C 3axBaqeHHbIM <poT03JIeKTPOHoM pe3KO YMeHbwaeTCH.

§ 4. TepMO,lUlHaMHQeCKaB TeopHB
06pa30BaHHB CKpbIToro H306paJKeHHB

MaTeHKOM 6bmo BbICKa3aHO npe,nnOJIO)KeHHe, qTO ueHTP CKPbITOro H30-

6paxeHHH MO)KeT 06pa30BblBaTbCH B pe3YJIbTaTe KoaryJIHUHH aTOMOB <pOTOJIH-

THqeCKoro cepe6pa, no,n06HO npoUeccy BbI,neJIeHHH HOBOA <pa3bI H3 nepeCbI-

IUeHHoro paCTBopa, C 06pa30BaHHeM cpa3Y KPYTIHoA qaCTHubI <pOTOJIHTHqeC-

KOro cepe6pa [40]. B nOCJIe.nyIOIUeM 3Ta H,neH 6bma pa3BHTa MoAJapOM [41],
KOTOPbIH paCCMOTPeJI 06pa30BaHHe Clf C TOqKH 3peHHH TepMo,nHHaMHKH,

npHHHMaH, qTO nepeCbIIUeHHe no cepe6py C03,naeTCH B pe3YJIbTare 3KcnOHH-

pOBaHHH AgHal. MaTeAK H MOH3ap CqHTaIOT, qTO MexaHH3M fepHH-MoTTa

peaJIH3yeTcH npH ,LJ;JIHTeJIbHbIXJaCBeTKax C noo,nHHOqHbIM 06pa30BaHHeM H HC-

nOJIb30BaHHeM 3JIeKTpOHOB, oc06eHHo Ha ueHTPax XHMHqeCKOH CeHCH6HJIH3a-

UHH, HO npH BbICOKOH KOHueHTPaUHH 3JIeKTPOHOB, HanpHMep, B yCJIOBHHX HM-

nyJIbCHoro 3KcnoHHpoBaHHH, HJIH 3KcnOHHpOBaHHH BblcoK03HepreTHqeCKHMH

qaCTHuaMH, HanpHMep, MepHbIMH, 3HepmH KOTOPbIX XBaTaeT Ha 06pa30BaHHe

MHomx 3JIeKTPoH-,nbIPOqHbIX nap, Ag~ BbI,neJIHeTCH cnOHTaHHO 6e3 yqacTHH

JIOByweK BCJIe,nCTBHe TepMo,nHHaMHqeCKOH H36bITOqHOCTH 3TOH KOHueHTPa-

UHH cepe6pa. 3THM OTPHuaeTCH CTYneHqaTOCTb MexaHH3Ma, a KOH,neHcauHH

CTaHOBHTCH KOJIJIeKTHBHbIM 3<p<peKTOM. B OTJIHqHe OT aTOMHCTHqeCKHX npe,n-

CTaBJIeHHH fepHH-MoTTa H MH~eJIJIa, TepMo,nHHaMHqeCKaH TeopHH B CHJIy

CBoeH <peHoMeHOJIOmqeCKOH npHpo,nbI He KOHKPeTH3HpyeT ,neTaJIH npouecca,

a paCCMaTPHBaeT JIHWb HaqanbHble H KOHeqHble COCTOHHHH CHCTeMbI.

TaKHM 06pa30M, 06pa30BaHHe Clf paCCMaTPHBaeTCH B repMo,nHHaMH-

qeCKoH TeopHH KaK 06pa30BaHHe HOBOH <pa3bl H3 nepeCblIUeHHoro paCTBO-

pa. BepOHTHOCTb 06pa30BaHHH cepe6pHHoro KJIaCTepa H3 nepeCbIIUeHHoro

paCTBopa cepe6pa B peweTKe AgHal COrJIaCHO KHHeTHqeCKOH TeopHH onpe-

,neJIHeTCH JIOKaJIbHOH <pJIYKTYaUHeH nepeCbIIUeHHH. 3TH <pJIYKTYauHH Be,nYT

K nepexo,nHOMY 06pa30BaHHIO He60JIbWHX KJIaCTepOB. OOJIbWHHCTBO If3 HHX

pacna,naeTCH, o,nHaKO HeKOTopble 1f3 HHX CJIyqaHHo MOryT ,nOCTHraTb pa3Mepa,

Kor,na pacna,n MeHee BepOHTeH, H TaKHe arperaTbI 6y,nYT paCTH, nOKa 6y,neT
7*



coxpamlTbCg nepeCblllleHHe. TaKOH pa3Mep KJlaCTepa Ha3b1BaeTCg KpHTH"IeC-
KHM (r*). 06pa30BaHHe arperaTOB COnpOBO)KJJ;aeTCgH3MeHeHHeM CBo6o.nHOH
3HepmH AG. ,/lJuI CHCTeMbl nepecblllleHHoro napa, B KOTOpOM 06Pa3YIOT-
Cg KanenbKH KOH,lleHCHpOBaHHOH ll>a3bl pa.nHyca r, H3MeHeHHe CBo60JJ.HOH
3HeprHH BbipucaeTCg:

AG = 411"r2u - ~lI"r3 RT In .!!- (24)
3 V Coo'

rJJ.eu - y.nenbHu nOBepXHOCTHU 3Heprng, V - MonbHblH 06'beM, ~ -

nepecblllleHHe. fpall>HKH 3aBHCHMOCTH AG OT r, nOKa3aHHble Ha pHc.63,
.neMOHCTPHpyIOT MaKCHMYM npH onpe.neneHHOM KpHTH'leCKOM pa3Mepe r*,
KOTOPblit 3aBHCHT OT nepecblllleHHg H YMeHbWaeTCg C pOCTOM nepeCblllle-
HHg no XopoWO H3BeCTHOMYypaBHeHHIO fH66ca- TOMcoHa, npOH3Bo.nHOro
OT ypaBHeHHJI (24):

* 2uV
r=RTlnC/Coo' (25)

qacTHua, HMelOlllU B TO'IHOCTH pa3Mep r*, JlBngeTCg nOJIycTa6HnbHoit: KaK
poeT, TaK H pacna.n ee .nomKHbl YMeHbWaTb AG H n03TOMY gBnJlIOTCJ(paBHOBe-
POJITHblMH c06b1THJlMH. qacTHua pa3Mepa r* Ha3b1BaeTCJI3apooblUJeM, a 3Hep-
rnJl AG*, He06xoJJ.HMu Jl)Ig ee 06pa30BaHHg, g~eTCg 3Heprneit aKTHBaUHH
3apo.nblwe06pa30BaHHJI (3Hepmeit 3apo.nblwe06pa30BaHHg). I1HOpoJJ.HbIe '1a-
CTHUbl, CneUHaJIbHO BHeceHHble HnH npHCYTCTBYIOIllHe KaK npHMeCH, MOI)'T
HrpaTb POJIb ueHTpoB KOH,lleHCaUHH, nOHHxcalOlllHX AG*.

PIle. 63. 3aBHCHMOCThcB060JlHoA3HepmH OTp83MepaKJIaCTepalI.IUICHCTeMhICBhlCO-
KoA (8) H HH3KOA(H) CTeneHhlOnepeChlllleHIDI; r* - KpHTH"IeCKHApa,nHyC3ap0.llhUUa
HOBOA<l>83b1

nepeCblllleHHe He TOJIbKO BnHgeT Ha pa3Mep 3apo.nblwa r* H 3HepmlO
aKTHBaUHH AG*, HO TalOKe Ha CKOpoeTb 3apo.nbIwe06pa30BaHHJI comaCHO
3KcnOHeHUHMbHoit 3aBHCHMOCTH

dN = A . exp (_ AG*) (26)
dt RT .

Cne.nOBaTenbHO, pacTYlllee nepeCblllleHHe YMeHbwaeT KaK KpHTH"IeCKHA pa3-
Mep H 3HeprnIO 3apo.nblwe06Pa3QBaHHJI, TaK H ysenH'IHBaeT CKOpOCTb3aPO-
.nblwe06pa30BaHHJI.

He06xoJJ.HMO OTMeTHTb, '1TO HeKOTopble napaMeTPbI '1aCTHU KOH,lleHCHpO-
BaHHoH tl>a3bl TaKHe, KaK pa.nHyC '1aCTHUbl H 3HeprHg nOBepXHOCTH pa3Jlena u,
xopowo cll>opMyJIHpOBaHHbIe Jl)IJI CpaBHHTeJlbHO60JlbWHX arperaTOB (3aPOJJ.bl-
IllH KpHcTMna, KaneJlbKH H T.JJ..), gBnglOTCg BeCbMa YCJIOBHblMH Jl)Ig '1aCTHU
MOJleKYngpHblX pa3MepOB, KaKOBblMH JlBJlglOTCJIueHTPbI CKpbITOro H306pa-
:JKeHHg.HecMOyPJI Ha 3TO, TepMo.nHHaMH"IeCKHH noJlXoJJ.OKa3anCg nOJIe3HbIM
Jl)IJI 06'bgCHeHHg pgna 3aKoHOMepHOCTeH ll>oTOrpall>H'IeCKoro npouecca.

MOA3epoM H fpaH3epoM [42] Jl)IJIAgBr 6bInH npoBeJJ.eHbIpaC'IeTbI no ll>op-

Myne (24) 3aBHCHMOCTHAG OT pa3Mepa (n) arperaTOB cepe6pa Ag~. npH Bpe-

MeHH :JKH3HHll>oT03neKTPOHa npH6nH3HTeJlbHO 10-7 C npH KOMHaTHOH TeM-
nepaTYPe H npH HHTeHCHBHOCTgX3Kcn03HUHH OT I .no 103 KBaHTOB Ha 3epHO
MO:JKHOnpe.nnOJlO:JKHTbHMH'IHe nepeCbIllleHHJI C/Coo B JJ.HanOOOHe108-1011.
Ha pHc.64 nOKa3aH rpall>HK 3aBHCHMOCTHAG OT n, H3 KOTOPOro CJleJJ.yeT,
qTO OqeHb He60JlbWHe cepe6pJlHbie ueHTPbI, COCTOJlIllHeH3 JJ.BYxaTOMOB, pac-
nonaralOlllHeCg cneBa OT MaKcHMyMOB KpHBblX, JlBnJlIOTCJIHecTa6HnbHbIMH
(3a HCKJllOqeHHeM O'leHb BbICOKHXHHTeHCHBHOCTeH3Kcn03HUHH '" 1025) [42].
B 06J1aCTH nepeCbIllleHHJI 108-1011 cTa6HJ1bHblMH qaCTHuaMH ~ OKa3b1Ba-
IOTCg KJlaCTepbl C n = 3-5. TaKHM 06pa3oM, nOJIyqaeMbie 3HaqeHHJI n BnonHe
Pa3YMHbI. B paMKaX TepMoJJ.HHaMHqeCKOHTeOpHH HaxOJJ.HT06'bgCHeHHe JlBne-
HHe OTKJlOHeHHgOT3aKOHa B3aHM03aMeCTHMOCTHnpH HH3KOH OCBellleHHOCTH
(HB3-HO). HeCTa6HnbHOCTb U;CI1 npH MMOM TeMne nOCTYnneHHJI KBaHTOB
CBeTa 06'bJlCHgeTCJIMMblM nepeCblllleHHeM H HecTa6HnbHOCTbIO B 3THX ycno-
BHJlX cepe6pgHbIX qaCTHU C MMblMH pa3MepaMH (CM. pHc.64, C/Coo ::;;;107).
TepMOJJ.HHaMHqeCKU TeOpHJI, HeCMOTPg Ha CBOIOKa:JKyIllYIOCgJJ.OCTOBePHOCTb
H npOCTOTY,Bbl3bIBaeT pgn B03pa:JKeHHH, npe)KJJ;eseero H3-3a npoH3BonbHOCTH
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PRe.64. 3aBHCHMOCThCBo60JlHoA3HeprHH 06P830BaHHlIarperaTOBcepe6pa Ag~OTHX
P83Mepan lI.IUIpaWH'IHhlX 3HaqeHHAnepechlllleHIDI (42)



HeKOTopblX npHHHMaeMblX .llOnYllleHHH [2, c. 382]. B qaCTHOCTH, 3aMKHYTOH

CHCTeMOH 3.!leCb RBJUleTCR OT.lleJ1bHbIH MHKpOKpHCTaJIJl, B KOTOpOM 06pa3yeTcR

CH npH .lleHCTBHH Bcero HeCKOJ1bKHX KBaHTOB (3-5 KBaHTOB). )lJIR :noro

CJ1yqaR cmamucmUlfeC1CaJI TepMO.llHHaMHqeCKaR KOHuenUHR CTeneHH nepeCbl-

llleHHR BPAA J1H npHMeHHMa. KpoMe TOro, B 3TOH TeOpHH He paCCMaTPHBaeTCR

.lleTaJIbHblH MexaHH3M 06pa30BaHHR CH, B qaCTHOCTH, .llblpOqHble npOueCCbI.

B TO )ICe BpeMR 6e3 .llOCTOBepHoro 3HaHHR MexaHH3Ma npouecca HeB03MO)ICHO

ueJ1eHanpaBJIeHHoe ero peryJ1HpOBaHHe. He06xo.llHMO OTMeTHTb, qTO B pR-

.lle pa60T nOCJ1e.llHero BpeMeHH onpe.lleJ1eHHOe BHHMaHHe Bce )ICe Y.lleJ1ReTCR

MexaHH3MY 06pa30BaHHR CH B pe3YJ1bTaTe MHrpaUHH H nOCJ1e.llYlOlllero 06b-

e.llHHeHHR B IJ;CH cepe6pRHbiX aTOMOB [2, c. 377]. B03MO)I(H0, qTO 3TOT Mexa~

HH3M BHOCHT HeKoTopblH BKJ1a.ll B cYMMapHblH npouecc 06pa30BaHHR IJ;CH,

OC06eHHO npH 3KcnOHHpOBaHHH BbiCOK03HepreTHqeCKHMH qaCTHuaMH, Ha-

npHMep, AAepHblMH, 3HeprnH KOTOpblX .llOCTaTOqHO .!lJ1R06pa30BaHHH MHornx

3J1eKTPOH-.llblPOqHblX nap, a TaKXe HMnYJ1bCHblMH J1a3epaMH, O.llHaKO 3TOT

BKJ1a.ll B 3HaqHTeJ1bHOH CTeneHH .llOJ1)l(eH 3aBHceTb OT CBOHCTB 3MYJ1bCHH.

§ 5. TODorpa4»1UI lleBTpOB CKpblToro H306paJKeBIUI.
TIoBepxaoCTBbIe H rJIy6HBBbIe QeB

IJ;eHTPbI CKpblTOro H306paxeHHR 06pa3YIOTCR B onpe.lleJ1eHHbIX H36paH-

HblX MecTaX 3MYJ1bCHOHHblX KpHCTaJIJlOB. )lJIR H3yqeHHR J10KaJIH3aUHH ueH-

TPOB CH 3MYJ1bCHOHHbIe KpHCTaJIJlbl qaCTHqHO npORBJIRIOT B pa36aBJ1eHHOM

npORBHTeJ1e. IIPH 3TOM ueHTPbI CH, Ha KOTOPbIX npOHCXO.llHT npORBJ1eHHe

H KOTopbIe O.llHOBpeMeHHO RBJUlIOTCR ueHTPaMH npORBJIeHHR (IJ;II), BblpaCTa-

lOT .ll0 pa3MepOB, 06HapyxHBaeMblX B MHKpOCKon. H3BeCTHO, qTO KOJ1HqeCTBO

ueHTPOB CH 3aBHCHT OT OCBellleHHOCTH 3MYJ1bCHOHHOro CJ10R. IIPH HH3KHX

OCBellleHHOCTRX Ha MHKpOKpHCTaJIJlax AgHal 06pa3yeTcR He60J1bllIOe qHCJ10

(O.llHH-.llBa) ueHTPOB npoHBJ1eHHH. 3ro nOKa3aHO Ha pHC. 65. C YBeJ1HqeHHeM

OCBellleHHOCTH qHCJ10 ueHTPOB npORBJIeHHH, npHXOMlllHXCH Ha O.llHH 3MyJ1b-

CHOHHbIH KpHCTaJIJl, BCer.lla YBeJ1HQHBaeTCH [9, c.257]. AHaJIOrnQHO 3TOMy

Ha6J1IO.llaeTCR YBeJ1HQeHHe Cpe.llHero QHCJ1a ueHTPOB CKpbITOro H306paxeHHH

Ha MHKpOKpHCTaJIJl npH 06pa60TKe 3MYJIbCHOHHbIX CJ10eB nepe.ll npOHBJIeHHeM

B paCTBope COJ1H30J10Ta (npH J1aTeHcHqmKaUHH CH 30J10TOM).

H3yqeHHe JIOKaJIH3aUHH ueHTPOB CKpblToro H306paxeHHH, npOBe.lleH-

Hoe Ha KpynHblx 3MYJ1bCHOHHbIX KpHCTaJIJlax C nOMOlllblO 3JIeKTPOHHoro

MHKpOCKona, nOKa3aJIO, QTO,UJlR 3MYJIbCHH, nO.llBeprHYTblX XHMHQeCKOMY CO-

3peBaHHIO, 06pa30BaHHe IJ;CH npOHCXO.llHT rnaBHbIM 06pa30M Ha 60KOBbiX

CTOpOHax KpHCTaJIJlOB, no Cepe.llHHe 3THX CTOpOH (pHc.65). B03MO)I(H0 3TO

CBR3aHO C TeM, QTO no Cepe.llHHe 60KOBbiX CTOpOH J1HHHH .llHCJ10KaUHH Bbl-

XOMT Ha nOBepXHOCTb H C03.lla1OT Ha nOBepXHOCTH .lle<peKTbl, Ha KOTOpblX

npH XHMHQeCKOM C03peBaHHH <pOpMHpyIOTCH npHMeCHble ueHTPbI. Ha Heco-

3peBllIHX 3MYJ1bCHOHHbIX KpHCTaJIJlaX ueHTPbl npORBJIeHHR Qallle 06pa3YlOTcH

Ha yrnax KpHCTaJIJ10B [9, c.258].

Pac.65. qacTHUhI cepe6pa, 06pa30BaBlIIHeCH rrpH rrpOHBJIeHHH 3aCBeQeHHoro 3MYJIb-
CHOHHOro KpHCTaJIJIa [9, c.257]

IIPH 3KcnoHHpoBaHHH 3MYJ1bCHOHHOro CJ10R MOryT B03HHKaTb KaK no-

BepXHocTHble ueHTPbI CH, TaK H BHYTPeHHHe (pHC. 66). )lJIR npORBJ1eHHR

TOJ1bKOnOBepXHOCTHbIX ueHTPOB CKpbITOro H306paxeHHR npHMeHRIOTCR «no-

BepXHOCTHbIe» npORBHTeJ1H, B KOTOpblX OTCYTCTBYIOT paCTBOpHTeJ1H AgHal.

AnH yCHJIeHHH BHYTPeHHHX ueHTPOB B rny6HHe MHKpOKpHCTaJIJla CHaQaJIa

OKHCAAIOT nOBepXHOCTHbIe ueHTPbl CH (<peppHUHaHH,ll KaJIHR, FeCI) H .llp.).

IIocJ1e 3TOro npoBoMT npORBJIeHHe <poTorpa<pHQeCKoro CJ10R BO «BHYTPeH-

HeM» npORBHTeJ1e, CO.llepxallleM paCTBOpHTeJ1H AgHal (Na2S203, Na2S03

, HJIH KI). COOTHOllleHHe Me)l(.lly nOBepXHOCTHblMH H BHYTPeHHHMH (rny6HH-

HhlMH) ueHTPaMH CKpbITOrO H306paxeHHH 3aBHCHT OT MHornx <paKTOpOB.

6·"··~ ~...U U
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AgHal

BU nu Bu+nu
hC.66. CxeMa 06pa30BaHHH BHyrpeHHHx (BU), rrOBepXHOCTHblX (nu) H Tex H .llpymx
(BU+OU)ueHTpOB CKpbITOrO H306p!OKeHHH rrpH .lleHCTBHH CBeTa Ha MHKpOKpH-
C1'8JIJJ AgHal



B KpyIIHbIX KpHCTaJIJIaX IIpHMHTHBHbIX 3MyJIbCHti:, He IIoABepmyTbIx XH-

MHqeCKoti: ceHCH6HJIH3aUHH, IIOBepXHOCTHoe H306pa~eHHe He 06pa3yeTcH,

a B03HHKaIOT qaCTHUbI Ag~ CKpbITOro H306pa~eHHH JIHlllb B my6HHe MH-

KpOKpHCTaJIJIOB. 3TO IIpOHCXOAHT IIO AByM IIpHqHHaM. Bo- IIepBbIX, KaK y~e

paCCMaTPHBaJIOCb paHee, 6JIarOAap$I 60JIee JIerKoMy 06pa30BaHHIO Ae<peKToB

<1>peHKeJI$I Ha IIoBepxHocTH AgHal, IIOCJIeAH$I$I 3apH~aeTcH 0TPHuaTeJIbHO

OTHOCHTeJIbHO 06'beMa MHKpOKpHCTaJIJIa, a Agj + KOHueHTPHpyIOTcH IIOA IIO-

BepxHocTbIO, C03AaBa$I 06JIaCTb IIOJIO~HTeJIbHoro IIoAIIoBepxHocTHoro 3ap$IAa.

Ha AHarpaMM~ ypoBHeH B paMKax 30HHOti: cxeMbI 3TO paBHOCHJIbHO 3am6y

ypoBHeti: 30HbI IIpOBOAHMOCTH H BaJIeHTHoti: 30HbI BBepx K HyJIeBoMy YPOBHIO

3JIeKTpOHa B BaKYYMe (pHC. 67, a). TaKHM 06pa30M, H3-3a OTpHuaTeJIbHOrO 3a-

PHAa nOBepXHocTH (0-) CpOACTBO IIOBepXHOCTH AgHal K 3JIeKTpoHy yMeHbllla-

eTCH. OTPHuaTeJIbHbIH 3apHA Ha nOBepXHOCTH C03AaeT IIOJIe (6apbep 1lI0TTKH),

IIpeII$ITCTByIOlIlee ABH~eHHIO K IIOBepXHOCTH <pOT03JIeKTpOHOB, 6JIaroAapH qe-

MY' <pOTOJIHTHqeCKOe cepe6po BbmeJIHeTCH B 06'beMe MHKpOKpHCTaJIJIOB. II3-

3a H36bITOqHOti: KOHueHTPaUHH Agj + B 06JIaCTH IIOAIIOBepXHOCTHoro 3apHAa

60JIblllaH tj:aCTb ueHTPOB CM 06pa3yeTcH B IIpHIIOBepXHOCTHOM CJIoe TOJIIIlH-

HOti: OKOJIO 5.10-
2

MKM ('" 500A) [9, c.258]. Ha060poT, IIpH IIepe3apHAKe

IIoBepXHocTH MHKpOKpHCTaJIJIa B H36bITKe HOHOB cepe6pa, Ha6JIIOAaeTCH 3a-

m6 30H BHH3 (pHc.67, 6) H, KaK CJIeACTBHe, POCT BepOHTHOCTH 06pa30BaHHH

IIOBepXHocTHOro CKpbITOro H306p~eHH$I.

PRC. 67. 3am6 3JIeKTpOHHbIX 30H B MHKpOKpHCTaJIJIaXAgHal B 3aBHCHMOCTHOT 3apJUIa
nOBepxHocTH: a - 3apJUI oTpHuaTeJIhHhIH (6-) H 6 - 3aplI,U nOJIO)KIUeJIhHhlH (6+)

BTopaH IIpHqHHa 06pa30BaHHH my6HHHoro CM 3aKJIIOqaeTCH B TOM, qTO

B MHKpOKpHCTaJIJIax IIpHMHTHBHOti: AgHal 3MYJIhCHH 6e3 IIpHMeCHbIX ueHTpOB

Ha nOBepXHOCTH, <pOTOJIHTHqeCKHti: 6pOM (AhIpKa), AH<p<pyHAHPYH K IIOBepXHO-

CTH, OKHCJI$IeT B03HHKaIOIIlHe IIpH 3aCBeTKe qaCTHUhI cepe6pa. 06pa30BaHHIO

my6HHHbIX ueHTPOB CM cnoc06cTByeT BBeAeHHe BrJIy6h MHKpOKpHCTaJIJIOB

pHAa MHOro3aPHAHbIX KaTHOHOB H, B nepBYIO OqepeAb, HOHa Ir
3+. ComaCHO

COBpeMeHHblM npeACTaB1leHHlIM HOH HpHAHH $IB1I$IeTC$I IIpoMe~yrOqHoti: JIO-

BywKoR .I1ml cPOT03JleKTPOHOB. YnpomeHHYIO cxeMY npouecca 06pa30BaHH$I

rny6HHHoro CM MO:lKHO 3anHCaTb B CJIeAYIOlIleM BHAe:

Ir3+ + e -+ Ir2+ +~t Ir3+ . AgO ~ Ir2+ . AgO +~t Ir3+ + Ag~ (27)

nOBepXHOCTHble ueHTPbl CKpblTOro H30-

6pa:lKeHHSI 06pa3YIOTClI Ha KPHCTaJlJlax,

nOABepmyrblx XHMH'IeCKOR CeHCH6R1IH-

3aUHH. C yBeJIH'IeHHeM BpeMeHH cep-

HHCTOH CeHCH6R1IH3aUHH, KorAa Ha no-
d,. 1,0

BepXHOCTH MHKpOKpHCTaJIJIOB ,¥OpMHpy-

IOTClI 3JIeK'rpOHoaKUenTOpHble npHMec-

Hble ueHTPbl, B KOHJ<YpeHUHH Me:lKAY
rJIy6HHHblMH H nOBepXHOCTHblMH ueH- 1,2
TPaMH CM BblHrpblBaIOT nOBepXHOCT-

Hble. Y OnTHMaJIbHO C03peTblX 3MynbcHH

C S + Au-CeHCH6HJIH3aUHeR 06pa3YIOTClI 1,4
nHWb nOBepXHOCTHble ueHTPbl CM. 3T0

HJlJIIOcTPHpyeTClI pHC. 68 [1, c.176]. Boc-

CTaHOBHTenbHM CeHCH6R1IH3aUHlI H BBe- 1,6
AeHHe B 9MynbCHoHHblA cnoA aKUenTO-

poB raJlOreHa YCR1IH~T OAHOBpeMeHHO

H nOBepXHOCTHble H BHYfpeHHHe ueH- 1,8
TPbl CM [9, c. 255]. COOTHoweHHe Me:lK-

AY KOnH'IeeTBOM nOBepXHOCTHbIX H BHY-

TPeHHHX ueH'rpOB CM CR1IbHO 3aBHCHT

OT HHTeHCHBHOCTH CBeTa. C YBeJlH'Ie-

HHeM HHTeHCHBHOCTH B03paCTaeT Aonll

BHYTPeHHHx ueH'rpOB CM. Boo6me npH

AeHcTBHH BblCOKOHHTeHCHBHbIX 3aCBe-

TOK 06pa3YIOmeecSi CM 60nee BblCOKO-

AHcnepcHO. C POCTOM HHTeHCHBHOCTH

cseTa 3Ha'lHTenbHM '1aCTb CM MO:lKeT 06pa30BbIBaTbC$I B BHAe HenpOHB1IHe-

MOro cy6H306pa:lKeHHSI, T. e. cocToSimero H3 cy6ueHtpoB CM. OHO IIP0$IBJI$I-

eTCSI nHWb nocne 06pa6OTKH 3KcnOHHpOBaHHbIX CJIOeB B paCTBopax COJIeH

30nOTa (3OJIOTM naTeHcHcPHKaUHSI). CKpblToe cy6H306pa:lKeHHe AOBonbHO

cTa6R1IbHO - BpeMSI ero :lKH3HH H3Mep$IeTClI AHlIMH [I, c.178]. OAHaKo IIpH

AOJIroM xpaHeHHH OHO nepepacnpeAenHeTCSI: '1aCTb ero HC'Ie3aeT BOBce, a APY-

raJI AOpaCTaeT AO HOpMaJIbHO npOllB1l$IeMOrO CM. C pOCTOM OCBelIleHHOCTH

He TOnbKO YBeJlH'IHBaeTCSI KOJIH'IeCTBO cy6ueHTPOB CKpbITOro H306pa:lKeHH$I,

HO H YMeHbwaeTClI pa3Mep caMHX ueHTPOB CM, 'ITO BeAeT K 60nee MeMeHHoMy

HX npOSlB1leHHIO H K HX 60JIbweR' OKHCJI$IeMOCTH. XapaKTepHO, qTO B 3MyJIbCH-

SIX 6e3 Au-CeHCH6HJIH3aUHH nOBepxHocTHoe CM oT6eJIHBaeTCH (OKHCJIHeTC$I)
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(1) H my6HHHoM (2) npOSIBJIeHHH
[I, c. 176]



B pe,nOKC-CHcTeMax (Fe
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+) C nOTeHUHaJIOM 60JIee 0TPHuaTeJIbHbIM, qeM

y Ag-3JIeK'~:.~0,na, T. e. B CHCTeMaX, CnOC06HbIX BOCCTaHaBJIHBaTb MaCCHBHbIH

AgBr ,no AgMeT· TaKHM 06pa30M, nOTeHUHaJI CHCTeMbI Ag~yd Ag+ 60JIee OTPH-

uaTeJIeH, qeM KJIaCCHqeCKHH nOTeHUHaJI cepe6p~lHoro 3JIeKTP0,na Ag~eT/ Ag+.

TIoBepxHOCTHOe H306pIDKeHHe B 3MYJIbCH5IX C AU-CeHCH6HJIH3aUHeH 60JIee

YCTOHqHBO K OKHCJIeHHIO, qTO CB5I3bIBaIOT C BKJIlOqeHHeM 60JIee 6JIarOpO,nHO-

ro 30JIOTa B COCTaB CM (30fiOqeHHe CM).

§ 6. MHHHMaJIbHbIU pa3Mep
neHTpa CKpbIToro H306pIDKeHIDI

K HaCT05lmeMY BpeMeHH onpe,neJIeHHO yCTaHOBJIeHO, qTO ueHTP CKpbITOro

H306pIDKeHH5I npe,ncT~BJI5IeT C060H qaCTHUY cepe6pa Ag~, JIH60 3ap5l)KeHHbIH

KJIaCTep cepe6pa Ag;:, o,nHaKO HeT 0,nH03HaqHbIX ,naHHbIX OTHOCHTeJIbHO

BeJIHqHHbI KJIaCTepa n B peaJIbHbIX 3MYJIbCH5IX. TIPH aHaJIH3e pa3MepOB [(CM

He06xo,nHMO HMeTb B B~y cymecTBoBaHHe HeKoTOporo noporoBoro HJIH

KpHTHqeCKOrO pa3Mepa (nKpHT)' npH ,nOCTH)KeHHH KOTOpOro arperaT Ag~

npH06peTaeT cnoc06HOCTb KaTaJIH3HpOBaTb npouecc BOCCTaHOBJIeHH}l AgHa1
np05lBHTeJIeM ,no MeTaJIJIHqeCKOrO cepe6pa. .

CymecTBylOT TeOpeTHqeCKHe H 3KcnepHMeHTaJIbHble MeTo,nbI onpe,neJIe:'

HH5I nKpHT. B OCHOBy pH.na TeOpeTHqeCKHX oueHOK [(CM 6bIJI nOJIO)KeH aHaJIH3

<POPMbI xapaKTepHCTHqeCKOH KpHBOH [2, c.366]. <I>opMy MHomx 3KcnepH-

MeHTaJIbHbIX xapaKTepHCTHqeCKHX KpHBbIX MO)KHO onHcaTb, eCJIH ,nonYCTHTb,

qTO Bce 3MYJIbCHOHHbIe 3epHa HMelOT o,nHHaKOBYIO qyBCTBHTeJIbHOCTb, H,

B 3aBHCHMOCTH OT 3MyJIbCHH, CTaHOB5ITC}l np05lBJI5IeMbIMH npH nOrJIOmeHHH

OT o,nHoro ,no qeTbIpex 3<p<peKTHBHbIX <pOTOHOB [2, c. 366]. B 60JIee no,np06HbIX

<poTorpa<pHqeCKHX HCCJIe,nOBaHHHX, BbInOJIHeHHblX B 80-e rr., 6bIJIO yCTaHo-

BJIeHO, qTO ,nJI5I3epeH, ceHCH6HJIH3HpOBaHHbIx cepoH, He06xo,nHMO 4 <poToHa,

a ,nJI5I 3epeH C S + Au-ceHCH6HJIH3aUHeH - OT 2-x,n0 3-x <pOTOHOB.

CJIe,nyeT OTMeTHTb, qTO B 3THX HCCJIe,noBaHH5Ix<p0PMbI xapaKTepHCTH-

qeCKOH KpHBOH HMeeTC5I PH.n ,nonymeHHH, qTO BHOCHT Heonpe,neJIeHHOCTb

B 3aKJIlOqeHH5I, OCHOBaHHbIe JIHllIb Ha <popMe KpHBOH.

O,nHHM H3 3KcnepHMeHTaJIbHbIX no,nxo,nOB K oueHKe pa3Mepa lJ,CM 51BJI5I-

eTC5I npHMeHeHHe OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIX 6y<pepHbIx pacTBopoB

,nJI5I onpe,neJIeHH5I rpaHHqHOrO nOTeHUHaJIa, COOTBeTCTBYlOmero nopory Me)K-

,ny pacTBopeHHeM H pOCTOM ueHTPOB. 3TH pe,noKc-6y<pepbI JIH60 np05lBJIR-

lOT [(CM, JIH60 OT6eJIHBaIOT HX, JIH60 He H3MeH5IIOT ueHTPbI. ,[{JI5I nOCJIe-

,nYlOmero aHaJIH3a pe3YJIbTaTOB HCnOJIb3YlOT y)Ke ynoMHHaBllIeeC}l ypaBHeHHe

fH66ca- TOMcoHa, YCTaHaBJIHBalOmee B3aHMOCB}l3b Mex.ny H3MeHeHHeM CBO-

60,nHOH 3HeprHH CHCTeMbI li.G H pa.nHycOM qaCTHUbI r (ypaBHeHHe (24».

TIOJIyqeHHble TaKHM 06pa30M BeJIHqHHbI n ,nJI5I lJaCTHU Ag~ KOJIe6aJIHCb OT 4-x

,no 10-H aTOMOB [2, c. 367]. KaK yxe OTMeqaJIOCb, npHMeHHMOCTb ypaBHeHH5I

fH66ca- TOMcoHa K qaCTHuaM TaKHX MaJIbIX pa3MepoB cnopHa.

B HalJaJIe 30-x rr. 6bIJI npe,nJIO)KeH np5lMOH 3KcnepHMeHTaJIbHbIH no,nxo,n,

HCnOJIb3YlOmHH 3apo,nbIllIH Ago, 06pa3yeMble npH HanbIJIeHHH B BaKYYMe,

H nOCJIe,nYlOmee np05lBJIeHHe 3THX cepe6p5lHbIX ueHTPoB B <pH3HqeCKOM npo-

RBHTeJIe (pacTBop, co,nep)KamHH COJIb cepe6pa H BoccTaHOBHTeJIb) [2, c.367].

ABToPbI paCCqHTaJIH qHCJIO np05lBJIeHHbIX ueHTPOB Ha e,nHHHUY nJIOma.nH, co-

oTBeTcTBylOmee pa3JIHqHbIM KOJIHqeCTBaM HanbIJIeHHoro cepe6pa, H CpaBHHJIH

nOJIyqeHHbIH pe3YJIbTaT C BblqHCJIeHHbIM Ha OCHOBe CTaTHCTHqeCKOH Mo,neJIH

Bep05lTHOCTH 06pa30BaHH5I 2-x, 3-x H T.,n. aTOMHbIX ueHTPOB. CTaTHCTHqeC-

KHH aHaJIH3 nOKa3aJl, qTO np05lBJI5IeMa5I rpynna COCTOHT H3 4-x aTOMOB. 3TOT

pe3YJIbTaT 6bIJI no,nTBepx.neH BnOCJIe,nCTBHH B onbITax faMHJIbTOHa H JIore-

JI5I [2, c.368], KOTopble nOJIyqHJIH TaK)Ke qHCJIO 4 ,nJIR cepe6p5lHbIX H 2 ,nJI5I

30JIOTbIX ueHTPOB .

.uOKa3aTeJIbCTBa He60JIbllIOH BeJIHqHHbI n 6bIJIH nOJIyqeHbI B OnbITaX

C ,nBOHHOH 3Kcn03HUHeH [1, c.117]. CYTb MeTo,na 3aKJIlOqaeTC5I B pa3,neJIe-

HHH 06meH 3Kcn03HUHH, npHBoMmeH K 06Pa30BaHHIO CM, Ha ,lI,Be qaCTH

C onpe,neJIeHHbIM BpeMeHHbIM HHTepBaJIOM Me)K,ll,y HHMH. TIepBa5I 3Kcn03HUH5I

He npHBO,ll,HT K 06pa30BaHHIO np0}lBJI}leMbIX [(CM, a JIHllIb K B03HHKHOBeHHIO

cy6ueHTPoB, a BTOpa51 ,nOCTPaHBaeT cy6ueHTPbl ,lI,O [(CM. BapbHpY51 COOTHO-

llIeHHe ,lI,BYX qaCTeH 3Kcn03HUHH, Ha OCHOBaHHH TeopHH 06pa30BaHH}l CM

MO)KHO oueHHTb pa3Mep cepe6p5lHoro KJIaCTepa. Cpe,ll,HHH pa3Mep np05lBJI5I-

eMoro ueHTPa COCTaBHJI B Cpe,ll,HeM 3-4 aTOMa cepe6pa. no pe3YJIbTaTaM

3KcnepHMeHTOB 6bIJIO C,lI,eJIaHO 3aKJIlOqeHHe, qTO 2-x aTOMHblH cepe6p5lHblH

ueHTP YCTOHqHB H qTO npH ,lI,06aBJIeHHH eme 2-x aTOMOB 06pa3yeTC}l 4-x

aTOMHblH ueHTP, cnoc06HblH Bbl3blBaTb pe3Koe H3MeHeHHe peaKUHOHHOH

cnOC06HOCTH MHKpOKpHCTaJIJIa no OTHOllIeHHIO K np05lBHTeJIIO.

MHTtJeJIJI CB5I3blBaeT KaTaJIHTHqecKoe ,lI,ej;!:CTBHe lJ,CM co cnoc06HOCTbIO

arperaTa Ag~ KpHTHqeCKOrO pa3Mepa a.nCOp6HpOBaTb ,n06aBOqHblj;!: HOH Ag+,

3ap}l)Ka5lCb nOJIO)KHTeJIbHO [1, c.116]. B qaCTHOCTH, Ag3 B KOHTaKTe C AgBr

nepeXO,ll,HT B 3JIeMeHTapHbIH TeTPa3,np ~ C BbICOKOH YCTOHqHBOCTblO. O,ll,-

HaKO B BO,nHOH cpe,ne, no MHTtJeJIJIy, KJIaCTep Agt HeycTOHqHB, B TO BpeM5I

KaK KJIaCTep Agt y)Ke YCTOHqHB H npe,nCTaBJI5IeT C060H [(CM MHHHMaJIbHO-

ro pa3Mepa. B 3MYJIbCH5IX, CeHCH6HJIH3HpOBaHHblx 30JIOTOM, MHHHMaJIbHble

qaCTHubI lJ,CM AuAgj H AU2Ag!.

Onpe,ll,eJIeHHbIH HTor ,nHCKYCCH5IM 0 BeJIHqHHe [(CM 6bIJI no,nBe,neH B pa-

60Te [43]. B MeTO,ll,HKe, pa3pa60TaHHoH <I>aHeToM H fpaH3epoM, Ha MHKpOKpH-

CTaJIJIbl AgBr HallbIJI5IJIH Ag~ -KJIaCTepbI. Ag~ -KJIaCTepbI 06pa30BbIBaJIHCb npH

6oM6ap,nHpoBKe HOHOM aproHa Ar+ cepe6p5lHOH MHllIeHH H nOCJIe.nylOmeM

Macc-CneKTPaJIbHOM pa3,neJIeHHH 3ap5l)KeHHbIX cepe6p5lHbIX KJIaCTepoB. EbIJIO

qeTKo yCTaHOBJIeHO, lJTO, HaqHHa51 C KJIaCTepOB Agt, MHKpOKpHCTaJIJIbI AgBr

CTaHOB5ITC5InpORBJI5IeMbIMH (pHc.69).

CJIe,nyeT ynoM5IHYTb pe3YJIbTaTbI pa60Tbi [44], B KOTOpOH H3yqeHa KHHe-

THKa 06pa30BaHHR ~ He Ha AgHa1, a B nOJI5IpHOH BO,ll,HOHcpe,ne no peaKUHH

aHHOH-pa.nHKaJla BHOJIOreHa C Ag2S04. YCTaHOBJIeH KpHTHlJeCKHH pa3Mep n
6'



,llJUI Ag~, Heo6xo,llHMbIH ,llJUI 3axBaTa 3JIeKTPOHa OT aHHOH-pa.uHKaJIa H nOCJIe-

,llYIOIUero pOCTa 'IaCTHUbI. PaC'IeT npHBeJI K 3Ha'IeHHIO n = 4.

Pue.69. 3aBHcHMoCTb npoJIBJIJleMOCTH
MHKpOKpHCTaJIJIOBAgBr (6e3 XeJIaTH-
HbI) QT.paJMepa HanbIJIJIeMbIX KJIaCTe-
pOB Ag;; [43]

Pue. 70. ~HarpaMMa 3HepreTHtIeCKHX
ypoBHeH qaCTHU cepe6pa Ag~. A.rrb-
TepHHpOBaHHe CpOIlCTBa K 3JIeKTpoHy
H 3HepmH HOHH3aUHH

~JUI oueHKH 3HepmH cepe6p~Horo ueHTPa OeTUOJIb,ll [45] HCnOJIb30BaJI

pacwHpeHHbIH MeTO,ll XroKKeJI~ (EH), a TaKXe CNDO C nOJIHbIM npeHe6pe-

)I(eHHeM ,llHq,q,epeHUHaJIbHoro nepeKPbIBaHH~. OKa3aJIOCb, 'ITO 3aBHCHMOCTb

Cp0,llCTBa K 3JIeKTPOHY OT pa3Mepa KJIacTepa Ag~ UMeeT «nuKoo6pa3HbIH

BU,ll. (puc.70). KJIaCTepbI C 'IeTHbIM n UMeIOT 3anOJIHeHHble CB~3bIBaIOIUue

Op6UTaJIU U He3anOJIHeHHble pa3pbIXJI~IOIUUe (antibonding) Op6UTaJIU, B TO

BpeM~ KaK KJIaCTepbI C He'IeTHbIM n - HeCB~3bIBaIOIUue Op6UTaJIU C O,llHUM

3JIeKTPoHoM. TaKHM 06pa30M, 3JIeKTPoHoaKUenTopHble ypOBHU ,llJI~ He'IeT-

HbiX 'IaCTUU 3Ha'IUTeJIbHO my6)1(e, 'IeM ,llJI~ COCe,llHHX MeHbWUX U 60JIbWUX

no BeJIU'IUHe 'IeTHbIX 'IaCTUU. M3MepeHu~ 3aBUCUMOCTU q,OTouOHu3auuoHHbIX

nOTeHUUaJIOB KJIaCTepOB OT pa3Mepa nO,llTBep,llUJIU aJIbTepHUpoBaHue nOTeH-

UUaJIa [3, c. 369]. 3Ta MO,lleJIb npe,llCKa3bIBaeT, 'ITO HaUMeHbwa~ npO~BJIJIeMa~

'IaCTHua, T. e. U;CM, ,llOJI)I(Ha 6bITb He'IeTHoH. B TO )I(e BpeMll nOTeHUUaJIbI

OKUCJIeHU~ ,llOJI)l(HbI 6bITb MeHbWUMU no BeJIU'IUHe ,llJIll He'IeTHbIX 'IaCTUU

no cpaBHeHHIO C 'IeTHbIMH. HanpUMep, OKHCJIUTb cy6ueHTP Ag~ TPY,llHee,

'IeM 60JIee KpynHbIH KJIaCTep Agg U ,llaxe Ag~ [46]. 3KcnepUMeHTaJIbHble

pe3YJIbTaTbI no q,OTouoHu3auuu KJIaCTepOB Agg, Agg U Agt o6pa30BaHHblx

Ha nOBepXHOCTU AgBr-3epeH, comaCYIOTCll C paCCMOTPeHHOH cxeMoH. 3Hep-

mu, Heo6xo,llUMble ,llJI~ B036Y)l(,lleHU~ BaJIeHTHblX 3JIeKTpOHOB U3 KJIaCTepOB

Agg, Agg U ~ B 30Hy npOBO,llHMOCTU AgBr, paBHbI 1,6 3B, 0,75 3B H 1,1 3B,

COOTBeTCTBeHHO [47] (puc.71).

EOJIee ,lleTaJIbHble paC'IeTbI, BbIITOJIHeHHbIe EeTUOJIb,llOM C yqeToM a.ucop6-

uuu cepe6p~HbIX 'laCTim Ha 3ap~)I(eHHbIX ,lleq,eKTax nOBepXHOCTU (kink sites),

BHeCJIH HeKoTopble H3MeHeHHll B 3HepmIO KJIaCTepOB, HO OCHOBHOH pe3yJIb-

TaT - aJIbTepHUpOBaHHe 3HepmH ,llJI~ 'IeTHbIX H He'IeTHbIX KJIaCTepOB Ag~ -

COXpaHUJIC~ [45; 3, c.370]. ECTecTBeHHo, 'ITO 3Hepmu, paCC'IHTaHHbIe C no-

MOIUbIO MeTO,llOB EH H CNDO, llBJIllIOTCll npU6JIU)I(eHHbIMu H 60JIee BaxHbI

Pue. 71. 113MeHeHHe 3HepmH HOHH3aUHH
IlJlJI KJIaCTepOBAgt Ag~ H Ag~ no .llaHHbIM
OnTHqeCKHX 3KcnepHMeHTOB [47]

,llJI~ oueHKU HanpaBJIeHU~ u3MeHeHuH B cucTeMe, 'IeM ,llJI~ nOJIyqeHull a6-

COJIIOTHbIX 3Ha'ieHuH. TaKuM o6pa30M, Ha OCHOBaHUU paccMOl'peHHbIx 3KC-

nepUMeHTaJIbHbIX U TeOpeTU'IeCKHX pe3YJIbTaTOB MO)I(HO npe,llCTaBUTb ce6e

CJIe.uyIOWYIO nOCJIe,llOBaTeJIbHOCTb npoueccoB o6pa30BaHu~ CM, nOKa3aHHYIO

Ha puc. 72. B npUBe,lleHHOH cxeMe Hau60JIee my6oKoH no 3Hepmu ~BJIlleTCSI

MOJIeKYJIa Ag~. M3BecTHo, 'ITO TenJIOTa o6pa30BaHu~ Ag~ U3 aTOMOB 3Ha-

'IUTeJIbHa U COCTaBJIlleT B BaKYYMe BeJIU'IUHy nOpSl.llKa ti.H = 1,74 3B [48].

o 234567 n
Pite.72. 113MeHeHHe3HepmH cepe6pJIHbIX qaCTHU B npouecce o6paJoBaHHJI CKpbIToro
!l>oTOrpa<pHqeCKOrOH306paxeHHJI



3Hepnll1 110HI13aUl111 BCeX nOCJIe,uOBaTeJIbHO B03HI1KaIOWl1X lIaCTI1U, BnJIOTb

,u0 ueHTPa CI1, MeHbllIe (47). HeKoTopoe BpeMH 3TOT <paKT ClIl1TaJICH napa,uOK-

CaJIbHbIM, 1160 O)l(I1,uaJIl1 MOHOTOHHoe ymy6JIeHI1e 3HeprHI1 MH lIaCTI1UbI Ag~

C pOCTOM n, BnJIOTb ,uo MaCCI1BHOrO cepe6pa. O,uHaKo onbITbI no OKI1CJIeHI1IO

cy6ueHTPOB H ueHTPOB CI1 (46), a TaKXe KBaHTOBO-XHMl1l1eCKl1e paClieTbI

no,uTBep,uHJIH peaJIbHOCTb 3TOro «napa,uOKca».

nO,lJ,BO,llH I1Tor, MO)J{HO CKa3aTb, liTO B HaCTOHwee BpeMH ,uOCTl1rHyTO

06wee MHeHHe, liTO OlleHb He60JIbllIoe 1I11CJIOaTOMOB cepe6pa I1JII1 30JIOTa,

TaKoe KaK 3-4 aTOMa cepe6pa 11 2 aTOMa 30JIOTa, cnoc06HO pe3KO YBeJIl1l1l1Tb

CKOpOCTb BOCCTaHOBJIeHHH MI1KpOKpl1CTaJIJIOB AgHal npOHBI1TeJIeM. I1MeHHo

3TO MaJIoe KOJIl1l1eCTBO aTOMOB cepe6pa B IJ,CI1 no cpaBHeHI1IO C KOJIl1l1e-

CTBOM HOHOB cepe6pa B MHKPOKPHCTaJIJIe AgHal n03BOJIHeT ,lJ,OCTI1raTb npl1

npORBJIeHHH 60JIbllIOro K03<P<PHUHeHTa yCHJIeHHH ("oJ 109, liTO paBHOCHJIbHO

06Pa30BaHHIO Ha O,lJ,HHKBaHT CBeTa npl16JIH311TeJIbHO 1 MHJIJIl1ap,lJ,a aTOMOB Ag.

§7. BJIWlHHe cpe.zu.a:Ha 06pa30BaHHe
neHTpOB CKpblToro H306paJKeHWI

Ha qyBCTBHTeJIbHOCTb KaK H~ceHCH6HJIH3HpOBaHHbIX, TaK 11 XI1MHqeCKI1

ceHCH6HJII13HpOBaHHbIX 3MYJIbCH~ MO)l(eT BJIHRTb, H HHOf,ua BeCbMa cywe-

CTBeHHO, COCTaB aTMOC<pepbI, B KOTOPO~ 3MYJIbCHH 3KcnoHI1pyeTcH CBe-

TOM [2, c. 337). KHcJIopo,u11 BJIara MOfyT OKa3bIBaTb 0TPHuaTeJIbHoe BJIHHHHe

Ha QyBCTBHTeJIbHOCTb, B QaCTHOCTI1, B yCJIOBHHX HI13KO~ OCBeIUeHHOCTH.

CTeneHb YMeHbIUeHI1R CBeTOllYBCTBI1TeJIbHOCTH, T. e. CTeneHb iJeceHcu6UAu-
3a~uu, MeHbIUe npH 3KCnOHI1pOBaHI1H C BbiCOKO~ I1HTeHCHBHOCTbIO CBeTa

11MR 60JIbllII1HCTBa XHMI1QeCKI1 CeHCH6HJIH3HpOBaHHbIx 3MYJIbCH~ (oc06eH-

HO C S + Au-CeHCH6HJIH3aUHe~) MeHbllIe, QeM MH HeCeHCH6HJIH3I1poBaHHblx.

OnbITbI C 3KcnOHHpOBaHI1eM <poTOCJIOeB B BaKYYMe, Kor,ua H3 CJIoeB

y,uaJIeHbI O2 11 H20, H C nOCJIe,uYIOWHM ,u06aBJIeHHeM 02 11 H20 pa3,ueJIbHO

11 BMecTe, nOKa3aJIl1, '1TO OCHOBHbIM ,ueceHCH6HJII13HPYIOWI1M KOMnOHeHTOM

cpe,ubI HBJIHeTCH KI1CJIOP0,u, o,uHaKO ero ,ue~CTBHe 3HaQl1TeJIbHO YCI1JIHBaeTCH

B npHCyTCTBHH H20. 3T0 I1JIJIIOCTpl1pyeTcH pl1c.73 [2, c.340). ComacHo

Pl1c. 73 YBeJIHlIeHHe ,uaBJIeHI1H O2 B cyxo~ aTMOC<pepe BbI3bIBaeT HeKoTopoe

na,ueHHe CBeTOQYBCTBHTeJIbHOCTI1, KOTopoe pe3KO B03paCTaeT BO BJIaxHO~

aTMoc<pepe. TaKl1M 06pa30M, 6bIJI c,ueJIaH BbIBO,u, liTO BJII1HHl1e KI1CJIOpO,lJ,a

11 BJIarH cynepa,u,uHTHBHO.

ComaCHO ,nxeil:Mcy [2, c.342), KHCJIOpO,u MO)J{eT BbI3bIBaTb ,ueceHCH-

6HJIH3aUHIO 3a C'IeT peaKUHH OKHCJIeHHR <pOTOJIHTH'IeCKHX aTOMOB cepe6pa,

JIH60 3a C'IeT yCKopeHHR peKoM6HHaUHH <poT03JIeKTPOHOB 11,ublpOK. PeaKUI1IO

OKl1CJIeHI1R Ago MO)J{HO npe,uCTaBI1Tb cxeMO~:

Ago + O2 ;::= Ag+ + 02: (28)

B pe3YJlbTaTe OKl1CJIeHHH Ago 06pa3yeTcH aHHOH-pa,uHKaJI KHCJIOpo,ua 02:

(cynepOKCH,uHbI~ aHHOH). Pa,uI1KaJI 02: MO)J{eT 06pa30BbIBaTbCR npl1 Heno-

2,0 o, C..:...yxoil:

o
o 0,2 0,4 0,6 0,8 1,0

PRe.73. 3aBI1CHMOCTb qyBCTBHTeJ1bHOCTI1 OT KOHueHTpaUHH cyxoro KHCJIOpo.aa H
KHCJ10po.aa npH OTHOCHTeJ1bHo1i:BJ1IDKHOCTH45%. HeceHCH6HJ1H3HpOBaHHlUI AgBr-
3M}'J1bCHJI, BpeMH 3KCIIOHHpOBaHI1H 100 C [2, c.340]

06pa3YIOIUH~CH O2: MO)J{eT CJIY)I(HTb ueHTPOM peKOM6HHaUHH C <pOTo,ublpKa-

MH no peaKUHH:

TaKl1M 06Pa30M, l<HCJIOpO,u MO)l(eT YBemlllHBaTb BepOHTHOCTb 3JIeKTPOH-,ubI-

POllHO~ peKOM6HHaUHH.

06pa3YIOIUH~CH aHHOH -pa,uI1KaJI 02: cnoc06eH pearl1pOBaTb C npOTOHaMH

BO,ubI HJIH ,lJ,pyrHX npOTOHoco,uep)J{aIUI1X coe,uI1HeHI1~ (HanpHMep, )I(eJIaTI1HbI)

C 06pa30BaHI1eM nepeKl1CI1 Bo,uopo,ua.

O2: + H+(H3 H20) -+ H02' -+ H202 (31)

TaKI1M 06pa30M, 3JIeKTPOHbI, 3axBalleHHble O2, He06paTHMO CBH3bIBaIOTCH

B XHMI1'1ecKoe coe,uI1HeHl1e (H202) 11TeM caMbiM OTBJIeKaIOTCH OT 06pa30BaHI1H

IJ,CI1. B comacl1l1 Co cxeMO~ (31) ,ueceHcl16l1JIl13aUI1H 3HallHTeJIbHO B03pacTaeT

C YMeHbllIeHHeM pH. YBeJII1'1eHl1e pBr (pOCT KOHueHTPaUl111 [Ag+)), Hao60-

POT, YMeHbllIaeT ,ueceHCH6I1JII13aUI1IO, BepOHTHO B pe3YJIbTaTe KOHKYPeHUI1H

110HOB H+ H Ag+ 3a 3JIeKTPOH OT O2:, BOJIbllIOH cynepa,u,uHTI1BHbIH 3<p<peKT

npH COBMeCTHOM ,ueil:cTBHH BO,lJ,bIH KHCJIOpo,ua MO)J{eT 6bITb CJIe,uCTBHeM npo-

TeKaHHR nOCJIe,uOBaTeJIbHbIX peaKUHH «28), (29) H (31)) H, KpoMe Toro, yBe-

JIHlIeHHR BO BJIaxHOil: cpe,ue no,uBH)I(HOCTH MOJIeKyJI 02 B )I(eJIaTHHOBOM CJIoe.

JJ,nH H3yl{eHHR BJIHHHHR aTMoc<pepbI Ha CTa6HJIbHOCTb npo,uyKTOB <p0-

TOpeaKUHH TaMypa H Xa.ua C COTPy,uHHKaMH [49J HCnOJIb30BaJIH TeXHI1Ky

MHoroKPaTHOrO 3KcnOHHpOBaHHH 3MYJIbCI10HHOro CJIOH C nOMOWbIO BcnbI-

UIeK o,uHHaKOBOH OCBeweHHOCTbIO C MI1TeJIbHOCTbIO 1-2 MKC C I1HTepBaJIa-

MI1 (Llt) Me)J{,lly BcnbIlliKaMI1 OT 10 MC 11 60JIbllIe. Ha' OCHOBaHl111 tpa<pI1KOB,



nOKa3hIBaIOmHX YMeHhllIeHHe nJIOTHOCTH npORBJIeHHoro H306pIDKeHHR C yBe-

JIHqeHHeM ilt, aBTophI paCCqHTaJIH «BpeMR )KH3HH O.uH<>4>OTOHHOro npo.uyKTa»

(npe.uueHTPa CM) B AgBr-3MYJIhCHH . .ll.rrR O.uHOH cepHH 3KcnepHMeHTOB aB-

TOphI nOJIyqHlIH 3HaqeHHe 2 ± 0,2 C .llJIR B03.uyxa, II ± I C .llJIR cyxoro B03.llyxa

H 320 ± 0,2 C .llJIR BaKyyMa C KIDKymHMHcR 3HeprHRMH aKTHBaUHH 0,82 ± 0,05;

0,47 ± 0,04 H 0,44 ± 0,04 3B. BpeMR )KH3HH npe.uueHTPa eM YMeHhllIaJIOCh

C YBeJIHqeHHeM TeMnepaTYPhI. 3TH pe3YJIhTaThI OTqeTJIHBO CBH,ZlereJIbCTBYIOT

o TOM, qTO BpeMR )KH3HH <l>OTOJIHTHqeCKoro aTOMa AgO CKopee onpe.ueJIR-

eTCR CJIO)KHhIMH XHMHqeCKHMH npoueccaMH, qeM npOCThIMH <l>H3HqeCKHMH,

TaKHMH, KaK TepMHqeCKaR HOHH3aUHR aTOMa cepe6pa. Ha OCHOBaHHH 3Kcne-

pHMeHTOB Kyrn C COTPy.uHHKaMH [2, c. 341] yCTaHOBHJIH, qTO CM, 06pa3yeMoe

B HeceHCH6HJIH3HpOBaHHoH AgBr-3MYJIhCHH C Ky6HqeCKHMH MHKPOKPHCTaJI-

JIaMH npH 3KcnOHHpOBaHHH BcnhIllIKOH B BaKyyMe, HapaCTaeT B TeqeHHe

HeCKOJIhKHX MHHyT npH nOCJIe.uYIOmeM Bhmep)KHBaHHH CJIoeB B BaKyyMe.

B Tex )Ke CJIyqMX, Kor.ua 3MYJIhCHR BhI.llep)KHBaJIaCh BO BJIa)KHOM B03.llyxe HlIH

3KcnOHHpOBaJIaCh BO BJIa)KHOM B03.uyxe, a 3aTeM Bhmep)KHBaJIaCh B BaKyyMe,

YBeJIHqeHHR CM He npOHcxo.uHlIO. 06bRCHeHHe 3TOro Ha6mo.ueHHR OCHOBhI-

BaJIOCh Ha 06pa30BaHH"o npH 3KcnOHHpoBaHHH AgBr KaK aTOMOB AgO, TaK

H cy6ueHTPOB CM - Ag2' llpH Bhmep)KHBaHHH B BaKyyMe cy6ueHTPbI npHCO-

~.u~~~=T~:=~~;H~:~~a~~~~:~P~IP:=~~: :~~:n;~:Mi.ue O
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§ 8. OflCJIOHeHHJI OT 3aKOHa B3aHM03aMeCTHMOCTH
npH 06pa30BaHHH ueHTpOB
CKpbIToro H306pmKeHHJI

TeopHR 06pa30BaHHR U;CM TOJIhKO Tor.ua npHeMJIeMa, Koma OHa B COCTO-

RHHH 06bRCHHTh Ha6JIIO.uaeMbIe <l>oTorpa<l>HqeCKHe 3<l><l>eKTbI. PaCCMOTPHM

HeKOTophIe H3 HHX.

B KJIaCCHqeCKOH <l>OTOXHMHH H3BeCTeH 3aKOH 6YH3eHa- POCKO, comac-

HO KOTOpOMy pe3YJIhTaT <l>OToXHMHqeCKOrO .ueHCTBHR CBeTa 3aBHCHT TOJIhKO

OT nomOmeHHOH BemeCTBOM 3HeprHH H H He 3aBHCHT OT OCBemeHHOCTH (HH-

TeHCHBHOCTH CBeTa) E H BpeMeHH .ueHCTBHR CBeTa t B OT.ueJIhHOCTH, nOCKOJIhKy

H = E· t. B COOTBeTCTBHH C 3aKOHOM 6YH3eHa-POCKO, KOTOPhIH B <l>oro-

rpa<pHqeCKHX pa60Tax Ha3hIBaIOT 3aKoHoM 83aUM03aMeCmUMOCmu, OnTHqeCKM

nJIOTHOCTh npORBJIeHHoro H306pIDKeHHR D .uOJI)KHa 6hITb nOCTORHHOH B TOM

CJIyqae, eCJIH npOH3Be.ueHHe BpeMeHH .ueHCTBHR CBeTa Ha OCBeIIleHHOCTh E
OCTaeTCR nOCTORHHhIM: E· t = const. CTPoro roBOpR, 3aKOH 6YH3eHa-PocKo

OTHOCHTCR K MaCCe <pOTOJIHTHqeCKoro cepe6pa, 06pa3YIOIIlerocJl npH .ueAcTBHH

CBeTa, a He K npORBJIeHHoMy cepe6py, c03.uaIOmeMY OnTHqecKyIO nJIOTHOCTh

nOqepHeHHR. TeM He MeHee C onpe.ueJIeHHOH CTeneHhIO npH6JIH)KeHHR 3TOT

3aKOH MO)KeT 6bITb pacnpOCTPaHeH H Ha npORBJIeHHoe cepe6po (1, c. 137].

Eme B KOHue npOllIJIOrO BeKa 6bIJIO 06Hapy)KeHO, qTO 3TOT 3aKOH .llJIR

<poTorpa<pHqecKHX CJIOeB He BbInOJIHReTCH. OmKJIOHeHWl om 3aKoHa 83aUMo-

3aMeCmUMOcmu CTaJIH Ha3bIBaTb He83aUM03aMeCmUMocmbJO (HB3) OCBemeHHO-

CTH H BpeMeHH. B3aHM03aMeCTHMOCTb C06JIIO.uaeTCH TOJIbKO npH HeKOTopbIX

cpe.uHHX OCBemeHHOCTHX. llpH MeHbllIHX HJIH 60JIhllIHX OCBemeHHOCTRX 3Ta

3aBHCHMOCTb HapyliiaeTCR. YMeHbllIHB OCBemeHHOCTb, HanpHMep, B.uBoe, He-

06XO.uHMO BbI.uep)KKy YBeJIHqHTb He B.llBOe, a 60JIhllIe. IlIBapUllIHJIh.u yCTa-

HOBHJI [1, c. 137], qTO B 06JIaCTH MaJIbIX HHTeHcHBHocTeH na.uaIOmero CBeTa

nOCTORHHM nJIOTHOCTb nOJIyqaeTcH B TOM CJIyqae, eCJIH E . tP = const, r.ue

nOKa3aTeJIb p MeHbllIe e.uHHHUbI (OKOJIO 0,8). BeJIHqHHY P Ha3bIBaIOT nOKa3a-

TeJIeM III BapUliiHJIb.ua.

~:::I~I
0,8 0 -1,0 -2,0
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PRe. 74. IhoorraKa cl>ororpacl>Ii'leCKoit 3MyJIbClili, o6J1anaIOmeit KaK HB3-BO, TaK
Ii HB3-HO [1, c. 137)

OTKJIOHeHHR OT 3aKOHa B3aHM03aMeCTHMOCTH y.u06HO npe.ucTaBHTb rpa-

<pliqeCKH B BH.ue U300naKU - KPHBOH 3aBHCHMOCTH JIOrapH<l>Ma 3Kcn03HUHH

(Ig H HlIH Ig E . t), Heo6xo.uHMOH .llJIR nOJIyqeHHH onpe.ueJIeHHOM nJIOTHOCTH

nOqepHeHHR, OT JIorapH<l>Ma OCBemeHHOCTH (Ig E) HlIH OT JIOrapH<l>Ma npo.uOJI-

)KHTeJIbHOCTH 3Kcn03HUHH (Ig t). llOCJIe.uHHH 3aBHCHMOCTh npe.unOqTHTeJIbHee

H .llJIR Hee npOH3Bo.uHM B Ka)K,ZlOMTOqKe paBHa 1- p. THnHqHbIM BH.u H300naKH

nOKa3aH Ha pHc.74. ComacHo pHc.74 .uaHHM <poTorpa<l>HqeCKM 3MYJIbCHR

06JIa.uaeT He83aUM03aMeCmUMocmbJO KaK npu 8blCOKOU oC8ew,eHHocmu (HB3-BO,

JIeBM qaCTb KPHBOM), TaK H He83aUM03aMeCmUMocmbJO npu HU3KOU oC8ew,eH-

Hocmu (HB3-HO, npaBaR qaCTb KpHBOM). 3HaqeHHR E H t, npH KOTOpbIX

H300naKa npoxo.uHT qepe3 MHHHMyM, Ha3bIBaIOT COOTBeTCTBeHHO OnmUMaIlb-

HOU oC8ew,eHHocmbJO (EOOT) H OnmUMaJlbHblM 8peMeHeM oC8ew,eHUJ/ (tOOT)' .ll.rrH

BbICOKOqYBcTBHTeJIhHbIX CJIOeB tOOT nOPMKa 10-1_10-3 C (CTaH.uapTHoe 3KC-

n03HUHOHHoe BpeMR 1/20 C = 5· 10-2 c), a .llJIR HH3KOqYBCTBHTeJIhHbIX -

HeCKOJIbKO 60JIbllIe, BnJIOTh .uo 1-10 c. KaK npH MeHhllIHX, TaK H npH

.llJIHTeJIbHbIX Bbmep)KKax CBeTOqYBCTBHTeJIhHOCTh MeHbllIe, qeM npH tOOT' .ll.rrR

npOMbIllIJIeHHbIX 3MYJIbCHM YMeHbllIeHHe CBeTOqYBCTBHTeJIbHOCTH npH KOpOT-

KHX Bbl.llep)KKax no cpaBHeHHIO C onTHMyMoM COCTaBJIHeT 1,5-4 pa3a, npH

MHTeJIhHbIX Bbmep)KKax.uo 10 pa3 [I, c. 145].

Ha pHC. 75 npHBe.ueHa H300naKa .llJIH BbICOKOqYBCTBliTeJIhHoro <l>OTOCJIOR

"PH pa3HbIX TeMnepaTYPax [9, c.27I]. M3 pHcyHKa CJIe.uyeT, qTO npH BeCbMa

KOPOTKHX Bbl.llep)KKax, npH t < 10-5 C .llJIR KOMHaTHOM TeMnepaTYPhI CJIOR,
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Pac. 75. I-l3ool1aKH WIH BbICOKOqyBCTBHTeJIbHoro 3MYJIbCHOHHOro CJIOg l1pH Pll3J1H'I-
HbIX TeMl1epaTypax [9, c. 271]

H300naKa l1pe,llCTaBJISleT C060H roPH30HTaJIbHYlO npRMylO (nnaTO). 3,lleCb'lYB-

CTBHTenbHOCTb He 3aBHCHT OT Bbl.llep:lKKH. npH nOHH:>KeHHH TeMnepaTYPbl

Ha'laJIO nnaTO CMemaeT~ B CTOpOHy 60nbIlIHX BpeMeH H npH TeMnepaTYPe

:>KH,llKOro B03,llyxa (-186 C) BCR H300naKa npeBpamaeTCR B ropH30HTaJIbHYlO

npRMylO, T. e. BbInOnHReTCR 3aKOH B3aHM03aMeCTHMOCTH.

Ha OTKnOHeHHe OT 3aKOHa B3aHM03aMeCTHMOCTH OKa3blBaeT BnHRHHe

XHMH'IeCKaR CeHCH6HnH3aUHR: S-«eHCH6HnH3aUHR yBenH'IHBaeT HB3- BO H

YMeHbiliaeT HB3-HO. BBe,lleHHe 30nOTa (S + Au-ceHcH6HnH3aUHR) cyme-

CTBeHHO CHH:>KaeT HB3- BO. YMeHbiliaeT OTKnOHeHHe OT B3aHM03aMeCTHMOCTH

BOCCTaHOBHTenbHaR ceHcH6HnH3aUHR. 3Ha'lHTenbHoe YMeHbIlIeHHe HB3- HO

Ha6nlO,llaeTCR npH y,llaJIeHHH H3 cnOR O2 H H20, HanpHMep, npH BaKYYMHpo-

BaHHH <!>OTocnoeB nepe,ll 3KcnoHHpoBaHHeM (B aCTPOHOMHH).

KaKoBa npH'IHHa OTKnOHeHHR OT 3aKOHa B3aHM03aMeCTHMOCTH C TO'lKH

3peHHR TeopHH 06pa30BaHHR CKpblTOrO H306paxeHHR? OCHOBHOH npH'IH-

HOH OTKnOHeHHH OT 3aKOHa B3aHM03aMeCTHMOCTH npH KOpOTKHX Bbl.llep:>KI<aX

RBnReTCR 06pa30BaHHe 60nbilloro KOnH'IeCTBa MenKHX ueHTpoB CI1, MHO-

me H3 KOTOpblX He MOryT Bbl3bIBaTb npORBneHHR MHKPOKPHCTaJIJIOBRH60

no npH'IHHe TOro, '1TO OHH RBnRIOTCR cy6ueHTPaMH CI1, nH60 BCne,llCTBHe HX

nOKaJIH3aUHH B my6HHe MHKPOKpHCTannOB AgHaI. npH 60nbiliOH HHTeHCHB-

HOCTH na,llalOmero CBeTa B 3MynbcHoHHbiX KpHcTannax B03HHKaeT 60nbillaR

KOHueHTPaUHR <!>OT03neKTPOHOB H ,llblpOK. B 3TOM cnyqae npouecc HeATPaJIH-

3aUHH <!>OT03neKTPOHOB, 3axBa'leHHb1X Ha nOByiliKax (B TOM '1HCne Ha ueHTPax

CBeTO'lyBcTBHTenbHOCTH, UtI), HOHaMH cepe6pa Agj + MO:>KeT He ycneBaTb

3a TeMnOM 06pa30BaHHR <!>OT03neKTPOHOB H HX 3aKPenneHHe Ha UtI. Tor,lla

<!>OT03neKTPOHbI 6y,llYT nOKaJIH30BaTbCR Ha 60nbiliOM '1HCne ueHTPOB 3axBa-

Ta, 'ITO nPHBe,lleT K 06pa30BaHHIO 60nbilloro KOnH'IeCTBa MenKO,llHCnepCHbIX

UCl1. B TO :>Ke BpeMR, KaK 3TO paCCMOTPeHO paHee, ,llnR 3<!><!>eKTHBHoro

06pa30BaHHR He60nbilloro '1HCna ueHTPOB CKpblTOro H306paxeHHR <!>OT03JleK-

TPOHbl, a 3aTeM Agj +, ,llOn:>KHbI nOCne,llOBaTenbHO 3axBaTbIBaTbCR Ha O,llHOM

H TOM :>Ke ueHTPe, '1TO npHBO,llHT K pOCTY ueHTPa. CKopOCTbOnpe,llenRIO-

meH CTa,llHeH 3TOro npouecca RBnReTCR 60nee Me,llneHHaR HOHHaJI CTa,llHR,

T. e. ,llH<!><!>Y3HRAgj+ K 3axBa'leHHoMy 3neKTPOHy. EcnH HOH cepe6pa 6y-

,lleT cnoc06eH nOCne,llOBaTenbHO HeHTPaJIH30BbiBaTb 3neKTPOHbl, 3axBa'leHHble

pacTYmHM ueHTPOM CI1, TO 6Y,lleT 06pa30BbiBaTbCR H3 cy6ueHTPOB He6onb-

IlIoe '1HCnO KpynHblx UCI1. EcnH :>KeTeMn nOCTYnneHHR 3neKTPoHOB 6Y,lleT

CTonb BenHK, '1TO HOHbl Agj + He 6y,llYT nOCneBaTb C HX HeHTPMH3aUHeH

Ha He60nbiliOM '1HCne ueHTPOB 3axBaTa 3neKTPOHOB, TO CTaHeT B03MO:>KHbIM

napannenbHoe 06pa30BaHHe 60nbilloro '1HCna cy6ueHTPOB CI1, He cnoc06Hblx

K npORBneHHIO. TaKHM 06pa30M, cepe6po CKPblTOro H306paxeHHJI OKa3bIBa-

eTCR ,llHCnepmpOBaHHbIM no 60nbiliOMY '1Hcny ueHTPOB, He BCe H3 KOTOpbIX

06na,llaIOT KaTaJIHTH'IeCKOH aKTHBHOCTbIO, ,llOCTaTO'IHOH ,llnR npouecca npo-

RBneHHR. ComaCHO [9, c. 275] BpeMR HeHTPaJIH3aUHH MeXY3enbHblMH HOHaMH

cepe6pa Agj+ nOKaJIH30BaHHbIX 3neKTPOHOB B AgHai npH KOMHaTHoH TeM-

nepaTYpe COCTaBnReT BenH'IHHy nopMKa 10-3_10-6
C. BpeMR no.n;TRmBaHHR

nO,llBH:>KHOro HOHa cepe6pa K 3aKpenHBilleMycR 3neKTPOHy npe:>K,lJ,e BCero 3a-

BHCHT OT 3apMa ueHTPa 3aXBaTa H KOHueHTPaUHH Agj+. YKa3aHHble BpeMeHa

comacyIOTcR C xapaKTepOM H300naK npH KOpOTKHX BpeMeHax. ECTecTBeHHo,

'1TO npH BpeMeHax 3Kcn03HUHH, MeHbIlIHX BpeMeHH HeHTPaJIH3aUHH 3apMa,

'1YBCTBHTenbHOCTb yxe He 3aBHCHT OT HOHHOH CTa,llHH npouecca, 'lT0 COOT-

BeTcTByeT Ha'laJIy nnaTO Ha H300naKe (pHc.75) npH t ~ 10-5
c. BenH'IHHa

'" 10-5 C paCCMaTPHBaeTCR KaK BpeMR HOHHOH CTa,llHH <!>OTorpa<!>H'IeCKoro

npouecca, T. e. BpeMR ,llH<!><!>Y3HHMeXY3enbHoro HOHa cepe6pa B MHKPOKpH-

CTanne AgBr. C nOHH:>KeHHeM TeMnepaTYPbl nO,llBH:>KHOCTb Agj+ YMeHbiliaeTCR,

'1TO COOTBeTcTByeT CMemeHHIO Ha'laJIa nnaTO K 60nbIlIHM BpeMeHaM (pHc.75).

npH TeMnepaTYPe :>KH.!lKOrO B03,llyxa, KOr,lla 3aMopaxHBaeTCR HOHHaJI npoBO-

,llHMOCTb, H300naKa CTaHOBHTCR ropH30HTaJIbHOH, T. e. HC'Ie3aeT OTKnOHeHHe

OT 3aKOHa B3aHM03aMecTHMocTH. 3TH pe3ynbTaTbI HamMHO ,lleMOHCTPHPYIOT

ponb JilOHHOH CTa,llHJiI B 06pa30BaHJilH CKPblTOro <!>OTorpa<!>JiI'IeCKoro Jil306pa-

:>KeHJilR JiI B OTKnOHeHJiIJiI OT B3aHM03aMecTHMOCTJiI. He06xo,llJilMO OTMeTJilTb

pe3ynbTaTbi [aMJilnbTOHa JiI Epe,llH [9, c.276], KOTopble BBO,llHnH B 3MynbcHIO

OpraHJiI'IeCKHe BemeCTBa, CBR3bIBaIOmHe nO,llBH:>KHble HOHbl Agj +, H Ha6nlO-

,llaJIH CMemeHHe Jil300naKJiI B CTOpOHy 60nbIlIJilx Bbl.llep:>KeK, npJil'leM 3TO

CMemeHHe COOTBeTCTBOBaJIO H3MepeHHoMy HMH YMeHbIlIeHHIO HOHHOH npo-

BO,llJilMOCTJiI, '1TO TaK:>Ke nO,llTBep:>K,lJ,aeTHOHHblH MexaHH3M HB3-BO.

B nHTepaTYPe B Ka'leCTBe B03MO:>KHOH npJil'lHHbI OTKnOHeHHR OT B3a-

JilM03aMeCTHMOCTH KpOMe TOro paccMaTPJilBaeTCR KOHKYPeHUHR Me:>K,lJ,yno-

BepxHocTHbIM H my6Ji1HHbIM CKpblTblM Jil306paxeHJileM. npH MaJIbIX BpeMeHax

3KCn03Ji1UJilJil, Kor,lla 06pa3yeTcR MHoro cepe6pRHbiX 3apO,llbIIlIeA, KOHKYPeH-

UJilR nOBepxHocTHblX JiI my6Ji1HHbiX 3neKTPoHHbIX nOByilieK MO:>KeT6bITb 60nee

HJ1Ji1MeHee Ba:>KHbIM <!>aKTopoM HB3-BO [I, c.I41]. 11, HaKOHeu, Henb3S1



nOJIHOCTblO HCKJIIO'"IaTb BKJIaJl peKOM6HHaUHOHHbIX npOueCCOB. nOCKOJIb-

Ky BepOHTHOCTb peKOM6HHaUHH 3aBHCHT OT npOH3Be./leHHH KOHueHTpaUHi1

3JIeKTpOHOB H ./lblpOK B MHKpOKpHCTaJIJIe, OHa HaH60JIbIUaH npH BbICOKOi1

KOHueHTpaUHH Tex H ./lpymx, T. e. npH 3KcnOHHpOBaHHH C MaJIbIMH BpeMeHa-

MH (OC06eHHO npH 3KcnOHHpOBaHHH HMnYJIbCHbIMH JIa3epaMH C t < 10-10 C

H H./lepHbIMH '"IaCTHuaMH).

OTKJIOHeHHe OT 3aKOHa B3aHM03aMeCTHMOCTH npH HH3Koi1 OCBeIQeHHOCTH

CBH3aHO C MaJIOi1 cTa6HJIbHOCTbIO O./lHHO'"lHbIX aTOMOB cepe6pa, o6pa3YIOIQHX-

CH B yCJIOBHHX MaJIOrO TeMna nOCTYllJIeHHH q,oT03JIeKTpOHoB. Y)I(e paCCMa-

TpHBaJIaCb np06JIeMa HecTa6HJIbHOCTH npe./lueHTpOB CKpbITOro H306p~eHHH,

B '"IaCTHOCTH, H3-3a HX TepMHqeCKoi1./lHCCOUHaUHH Ha Agj + H 3JIeKTpOH B 30He

npOBO./lHMOCTH • .SICHO, qTO eCJIH nOrJIOIQeHHe MHKpOKpHCTaJIJIOM AgHai O./lHO-

ro KBaHTa He COnpOBO)J(.llaeTCH nOrJIOIQeHHeM eIQe O./lHOro B TeqeHHe BpeMeHH

)l(H3HH npe./lueHTpa CM, pe3YJIbTaT ./lei1cTBHH nepBoro KaK 6bI CTHpaeTCH.

TaKHM o6pa30M, BpeMeHa, C KOTOpbIX Ha'"lHHaeTCH ./lei1cTBHe HB3-HO, onpe-

,ll;eJIeHHbIM 06pa30M CBH3aHbI co BpeMeHeM )l(H3HH npe,ll;ueHTpa CM. O,ll;HaKO

3TH BpeMeHa He paBHbI TnpellueHTpa, TaK KaK npe./lueHTp MO)l(eT paCnaCTb-

CH H BOCC03./laTbCH BHOBb MHOrO pa3, npe)J(.lle, qeM q,OT03JIeKTpOH 6Y./leT

OKOH'"IaTeJIbHO nOTepHH peKOM6HHaUHOHHbIM HJIH HHbIM nYTeM [1, c. 139].
Y)I(e OTMeqaJIOCb, qTO cTa6HJIbHOCTb ueHTpOB CM (npe)J(.lle Bcero, npe./l-

ueHTpOB) B 3HaqHTeJIbHoi1 CTeneHH onpe,ll;eJIHeTCH aTMocq,epHbIMH yCJIOBH-

HMH - HaJIH'"IHeM B q,OTOCJIOe 02 H H20. )l.ei1cTBHTeJIbHO, npH y./laJIe-

HHH 02 H H20 CTeneHb HB3-HO YMeHbllIaeTCH. TaKHM 06pa30M, OTKJIOHeHHH

OT 3aKOHa B3aHM03aMeCTHMOCTH npH HH3Koi1 OCBeIQeHHOCTH onpe,ll;eJIHIOTCH

OKHCJIeHHeM npe,ll;ueHTpOB CM KHCJIOpO,ll;OM C yqacTHeM npOTOHOB BO,ll;bi.

A.nCop6HpOBaHHbIe Ha nOBepXHOCTH MHKpOKpHCTaJIJIa AgHai MOJIeKyJIbI O2
MOfYT HenOCpe,ll;CTBeHHO 3axBaTbIBaTb q,OT03JIeKTpOHbI H3 30HbI npOBO./lH-

MOCTH AgHal HJIH C nOBepXHOCTHbIX ypOBHei1. [(eHTpbI qyBcTBHTeJIbHOCTH,

06pa3YlOIQHeCH npH CepHHcToi1 CeHCH6HJIH3aUHH YBeJIH'"IHBaIOT cTa6HJIbHOCTb

npe./lUeHTpOB CM H TeM CaMbIM YMeHbIUalOT HB3-HO. OC06eHHO 3q,q,eKTHBHa

B nOM OTHOllIeHHH S + Au-ceHCH6HJIH3aUHH, TaK KaK 6JIarO,ll;apH «30JIOqe-

HHIO» ueHTpOB B03paCTaeT HX TepMH'"IeCKaH H XHMHqeCKaH cTa6HJIbHOCTb.

YMeHbIUeHHe HB3-HO Ha6JIIO./laeTCH TaK)l(e npH YBeJIHqeHHH KOHueHTpaUHH

HOHOB Ag+ (YMeHbIUeHHe pAg) B 3MYJIbCHH H pH. C pOCTOM [Ag+] yBeJIH'"IHBa-

eTCH cTa6HJIbHOCTb cepe6pHHbIX qaCTHU K OKHCJIeHHIO (60JIee nOJIO)l(HTeJIbHbli1

3JIeKTpOXHMHqeCKHi1 nOTeHUHaJI CHCTeMbI AgO / Ag +), a B IQeJIOqHoi1 cpe./le

YMeHbllIaeTCH BepOHTHOCTb npOTOHHpOBaHHH O2: C 06pa30BaHHeM nepeKHCH

BO,ll;0p0./la no peaKUHH (31).
TaKHM 06pa30M, HeB3aHM03aMeCTHMOCTb npH HH3K0i1 OCBeIQeHHOCTH

06bIqHO onpe./leJIHeTCH cTaJlHei1 3ap0,ll;bIllIe06pa30BaHHH cepe6pa CKpblTOro

H306p~eHHH, a HeB3aHM03aMeCTHMOCTb npH BbICOKOi1 OCBeIQeHHOCTH -

cTa,D;Hei1pOCTa CM. n03TOMY HCCJIe,ll;OBaHHHHBJIeHHH HeB3aHM03aMeCTHMOCTH

./lalOT ueHHylO HHq,opMaUHIO 0 MexaHH3Me 06pa30BaHHH CM.

§9. funepceHCu6uJIU3aU;UB
U JIaTeHcuc}luKau;uB CBeTOM

C onpe./leJIeHHbIM pa3JIHqHeM B npoueccax 06pa30BaHHH [(CM npH BbI-

COKOH H HH3K0i1 OCBeIQeHHOCTH H B CBoi1cTBax caMHX ueHTpOB, B03MO)l(HO,

CBH3aHO B03,11;ei1cTBHe Ha 3TH ueHTpbl ./lOnOJIHHTeJIbHOH 3aCBeTKOH C HHOi1

HHTeHCHBHOCTblO, qeM npH nepBoi1 3Kcn03HUHH. HanpHMep, npe,ll;BapHTeJIb-

HaH paBHOMepHaH 3aCBeTKa npH BbICOKoi1 HHTeHCHBHOCTH, C03,11;alOIQaH caMa

no ce6e MaJIOe HJIH HyJIeBOe nOqepHeHHe, qaCTO MO)l(eT YMeHbIUHTb HJIH

BOBce HCKJIlOqHTb HB3- HO npH nOCJIe,ll;YIOIQeM pa60'"leM 3KcnoHHpoBaHHH.

TaKoH 3q,q,eKT Ha3bIBaeTCH 2unepceHCu6uJlU3au,ueu C8emOM. Ero CYIQHOCTb

3aKJIlOqaeTCH B ./lOpaIQHBaHHH cy6ueHTpoB CM, 06pa30BaHHbIx BbiCOKOHHTeH-

CHBHOH 3acBeTKoi1, ./l0 npOHBJIHeMbIX ueHTpoB CM npH MaJIOHHTeHCHBHOM

3KcnOHHpOBaHHH. C ,ll;PyroH CTOpOHbI, HeB3aHM03aMeCTHMOCTb npH pa60qeM

3KcnOHHpOBaHHH C BbICOKOH HHTeHCHBHOCTblO (HB3-BO) 06bI'"IHO yMeHbllIa-

eTCH nOCJIe,ll;YIOIQei1 paBHoMepHoi1 3aCBeTKOH HH3KOH HHTeHCHBHOCTH Bcero

CJIOH. 3TOT 3q,q,eKT Ha3bIBaeTCH JlameHCupuKau,ueu C8emOM. npH JIllTeHCHq,H-

KaUHH BbICOKO./lHCnepCHble cy6ueHTpbI CM, B03HHKalOIQHe npH HHTeHcHBHoi1

3aCBeTKe, ,ll;OCTpaHBaIOTCH,II;O npOHBJIHeMbIX ueHTpOB CM 3a C'"IeT 3JIeKTpOHOB,

06pa3yeMbIx npH 06JIyqeHHH CBeTOM HH3K0i1 HHTeHCHBHOCTH.

BCKope nOCJIe H306peTeHHH q,OTorpaq,HH, B 1840 r. )l.)I(OH [epllIeJIb -

H3BecTHbli1 aCTpOHOM - 3aMeTHJI, qTO npoeUHpyH H306p~eHHe BH,D;HMOrO

cneKTpa, nOJIyqeHHoro C nOMOIQblO npH3MbI, Ha AgCI-6YMary H O./lHOBpeMeH-

HO 3KcnoHHpyH ee pacceHHHbIM ,ll;HeBHbIM CBeTOM, MO)I(HO nOJIyqHTb npHMoe

nO'"lepHeHHe no Bcei1 nJIOIQaJlH, 3a HCKJIlOqeHHeM yqacTKa, Ha KOTOPbIi1 na,D;aeT

.llJIHHHOBOJIHOBaH qaCTb cneKTpa. TaKHM 06pa30M, [epIUeJIb Ha6JIIO,II;aJI pa3-

pyIUeHHe npHMoro nOqepHeHHH .llJIHHHOBOJIHOBbIM (B '"IaCTHOCTH, KpaCHbIM

H HHq,~aKpacHbIM) CBeTOM. )l.JIHHHOBOJIHOBOe H3JIyqeHHe pa3pYlliaeT TaK-

)I(e ueHTpbI CKpbITOro H306pa)l(eHHH, 06pa30BaBIUHecH no,ll; BJIHHHHeM 60JIee

KOpOTKOBOJIHOBOro aKTHHH'"IHOro H3JIyqeHHH. 3TO HBJIeHHe H3BeCTHO no./l Ha-

3BaHHeM 3ppeKma FepUJeJlfl. npH H3yqeHHH 06pa30BaHHH H oT6eJIHBaHHH Ag~

B KpynHblx KpHCTaJIJIaX AgHai OKa3aJIOCb, '"ITO 3KcnOHHpOBaHHe AgBr aK-

THHHqHbIM CBeTOM C03,11;aeTIUHpOKyIO nOJIOcy nOrJIOIQeHHH C MaKcHMyMOM

.A ~ 690 HM, a nOCJIe./lYIOIQee 3KcnOHHpOBaHHe CBeTOM H3 3TOH nOJIOCbI

oT6eJIHBaeT KpHCTaJIJI [1, c. 183]. CneKTpaJIbHOe pacnpe,ll;eJIeHHe 3<t>q,eKTa

[epIUeJIH Ha 3MYJIbCHOHHbIX MHKpOKpHCTaJIJIaX COOTBeTCTByeT cneKTpaJIbHoMy

cocTaBy CBeTa, pa3pYIUalOIQero qaCTHUbI q,OTOJIHTH'"IeCKOrO cepe6pa B Kpyn-

HbIX KpHCTaJIJIaX AgHai [9, c. 303]. CneKTpaJIbHaH 06JIaCTb 3q,<t>eKTa [epIUeJIH

OXBaTbIBaeT .llJIHHbI BOJIH .A= 650-1100 HM .llJIH AgBr H .A= 550-750 HM

.llJIH AgCl. )l.JIHHHOBOJIHOBaH rpaHHua 3q,q,eKTa HaXO./lHTCH y 1100-1200 HM

.llJIH 6poMocepe6pHHbIX CJIOeB H 800-1000 HM .llJIH XJIopOCepe6pHHbIX.



3<1><t>eKT [eprneml MO:lKeT 6blTb HCnOJIb30BaH ,!I)HI n0JIY'IeHHSI npSlMOrO

n03HTHBHOrO H306p(I)KeHHSI npH .u.eHCTBHH Ha 3aCBe'ieHHbIH (HJIH npe.u.BapH-

TeJIbHO 3aBYaJIHpOBaHHblH BOCCTaHOBHTeJISlMH) 3MYJIbCHOHHblH CJIOH )J,JlHH-

HOBOJIHOBOro H3JlyqeHHSI. 3<1><t>eKT [eprneJISI TPe6yeT 60JIbrnHX 3Kcn03HUHH.

no OueHKaM, )J,JlSlpa3pyrneHHSI CM Hyx<HO B 10
6
_10

10
pa3 60JIbrne KBaHTOB,

'ieM )J,JlSl ero 06Pa30BaHHSI, 'iTO 06yCJIOBJIeHO MaJIblM nOrJIOmeHHeM CBeTa

CKPblTblM H306p(I)KeHHeM [1, c.183].

npH .u.eHCTBHH )J,JlHHHOBOJIHOBOrO H3JlyqeHHSI npoHcxo.u.HT nepeHoc 3JIeK-

TPOHOB H3 cepe6pSlHblX 'iaCTHU B 30Hy npOBo.u.HMOCTH AgHal, 'iTO conpOBO-

lKJJ.aeTCSI<t>OTOnpoBo.u.HMOCTbIO H <t>OTo-3)l.C 3JIeKTPoHHoro xapaKTepa. BCJIe.u.

3a 3THM H3 'iaCTHU cepe6pa BbmeJISIIOTCSI HOHbl cepe6pa. MHOrOKPaTHOe no-

BTOpeHHe 9roro npouecca npHBo.u.HT K pa3pyrneHHIO 'iaCTHU CM. 3<t><t>eKT

feprneJISI MoxeT 6blTb YCHJleH npH .u.06aBJIeHHH B 3MyJIbCHIO OKHCJIHTeJISI (ceH-
CU6UJ1U3Up08aHHblU 3fjJrjJeICm FepWeJlR), 06JIerqalOmero 3aXBaT <t>OT03JIeKTPOHOB

OT ~. TaK xe .u.eHCTBYIOT HeKOTopble OpraHH'ieCKHe KpaCHTeJIH, 06JIa.u.alO-

IUHe Cpo.u.CTBOM K 9J1eKTPOHy (TaK Ha3blBaeMble .u.eceHCH6HJIH3aropbl). BJIara

H 02, nO.ll06Ho .u.pymM OKHCJIHTeJISlM, YCHJlHBaIOT 3<t><t>eKTfeprneJISI, O.llHaKO

B Pa3HOH Mepe )J,JlSlpa3HblX 3MYJIbCHH.

ECJIH C'iHTaTb, 'iTO )J,JlHHHOBOJIHOBaSI rpaHHua 3<t><t>eKTa [eprneJISI )J,JlSl

AgBr-9MYJIbCHH JIe)KHT OKOJIO 1200 HM, 'iTO COOTBeTCTByeT 3HepmH

hv ~ 1,0 3B, TO MO)KHO paCnOJIO)KHTb ypOBHH 3HeprHH 9JIeKTPOHOB B ueH-

TPax CKpblTOro H306p(I)KeHHSI OTHOCHTeJIbHO .IlHa 30Hbl npOBO.llHMOCTH TaK,

KaK nOKa3aHO Ha pHc.76 [9, c.304]. Ha pHc.76 npHBe.lleHbI TaKXe ypOBHH

3HepmH 9JIeKTPOHOB, JIOKaJIH30BaHHbIX Ha ueHTPax cBeToqyBcTBHTeJIbHO-

CTH, onpe.lleJIeHHble H3 OnblTOB no JIIOMHHeCueHUHH 9MYJIbCHOHHbiX CJIOeB

H no OTKJIOHeHHSlM OT 3aKOHa B3aHM03aMeCTHMOCTH.

CepHHcTaSI CeHCH6HJlH3aUHSI 9MYJIbCHH Bbl3blBaeT YCHJleHHe 9<t><t>eKTa

feprneJISI, 'iro 06'bSlcHeHo 06pa30BaHHeM npH S-ceHCH6HJIH3aUHH Herny60KHx

ueHTPOB 3axBaTa 3JIeKTPOHOB, H KaK CJIe.llCTBHe, nOSlBJIeHHeM «MeJIKHX» ueH-

TPOB CM, JIerqe pa3pYlIIalOlUHXCSI no.ll .IleHcTBHeM )J,JlHHHOBOJIHOBOro CaeTa.

CeHCH6HnH3aUHSI 9MynbcHH conSlMH 30JIOTa Be.lleT K ocna6neHHIO 3<t><t>eKTa

[eprneJISI.

YpOBHH ueHTPOB
'iyaCTBHTenbHOCTH

YpOBHH ueHTPoB
1,038 eM

0,83B

PRe.76. nonolKeHHe 3neKTpOHHblX ypoBHeil: JJ)Ul ueHTpoB eM H ueHTpOB qyaCTBH-
TenbHOCTH OTHOCHTenbHO.llHa 30Hbl npoBO.llHMOCTH KpHCTaMa AgBr [9, c. 304]

§ 11. PerpeccHSI neHTpOB CKpbIToro H306paJKeHHSI

PerpeCCHeH CKpbIToro H306p(I)KeHHSI Ha3blBaeTCSI pa3pyrneHHe ueHTPOB

CM npH xpaHeHHH 3KcnOHHpOBaHHoro 3MynbcHoHHoro CJIOSI. B pe3YJIbTaTe

perpeCCHH nnOTHOCTb nO'iepHeHHSI 3KcnOHHpOBaHHoro cnoSi npH ero npo-

SlBJIeHHH ':Iepe3 HeKOTopoe BpeMSI nocne OCBemeHHSI OKa3bIBaeTCSI MeHbrne

':IeM npOSlBJIeHHOrO cpa3Y nOCJIe OCBemeHHSI [9, c.290]. PerpeccHSI CKpbITOr~

H306p(I)KeHHSI oc06eHHO BeJIHKa Ha 30JISIX AgBr. BBe.lleHHe XeJIaTHHbl 3Ha-

':IHTeJIbHO OCna6JISIeT perpeCCHIO. Pe3KO YMeHbrnaeT perpeCCHIO CM BBe.lleHHe

B 3MynbCHIO coneH 30nOTa. TaK xe BJIHSleT nOHHxeHHe pAg H yBeJIH':IeHHe pH.

BHYTPeHHee CM MeHee nO.llBepXeHO perpeCCHH, ':IeM nOBepXHOCTHoe. Pe-

rpeCCHSI OCJIa6JISleTCSI npH Y.llaJIeHHH H3 cnoSi O2 H H20 (B BaKYYMe, B aTMO-

c<t>epe a3OTa). YCKopeHHe perpecHH CM BbI3blBalOT .IleCeHCH6HJIH3HpYlOmHe

KpaCHTenH.

BnHSlHHe YKa3aHHbIX <t>aKTOpOB Ha perpeccHIO CM HaxO.llHT o6'bSlcHeHHe

B paMKax paCCMOTPeHHoH paHee cxeMbl OKHcneHHSI 'iaCTHU cepe6pa KHcno-

P0.llOM C yqacTHeM npOTOHOB BO.llbI (peaKUHH (28), (31». KpoMe Toro, pac-

CMaTPHBaeTCSI MexaHH3M TepMH'ieCKOrO pa3pyrneHHSI ueHTPOB CM [9, c. 292]:

CHa':laJIa npOHCXO.llHT TepMH':IeCKOe BbmeneHHe H3 3THX ueHTPOB 3neKTPQHOB,

nocne 'iero H3 HHX YX0.llSIT HOHbI cepe6pa. TaKoH MexaHH3M perpeCCHH no.llO-

6eH 3<t><t>eKTY[eprneJISI C TeM nHrnb pa3JlH'iHeM, ':ITO 3neKTPOHbi H3 ueHTPOB CM

npH perpeCCHH BbmenSiIOTCSI He OnTH'ieCKH, a TepMH':IeCKH. BepOSITHee Bce-

m, ':Iro npH perpeCCHH CM pa60TalOT 06a MexaHH3Ma, T. e. nepBOHa'iaJIbHO

TepMH':IeCKH pacna.u.alOTCSI ':IaCTHUbl Ag~, a 3aTeM 3neKTPOHbi CBSl3blBalOTCSI

KHCJIOP0.llOM H npOTOHaMH B0.llbl no cxeMe:

o to
Agn -+ Ag~ + e (32)

e + 02 + H+ -+ H202 (33)

Ag~ -+ Ag~-l + Agj+ (34)

B OT.llenbHbIX CJIyqaSIX HapSl.llY C oCna6JIeHHeM nOBepXHOCTHoro CM Ha6nlO.lla-

eTCSI yCHneHHe BHYTPeHHero, nO-BH.llHMOMY, B pe3YJIbTaTe nepeXO.lla 3neKTPO-

HOB, TepMH':IeCKH OCB060)l()leHHbIX C nOBepXHOCTHblX ueHTPOB, BHYTPb KpH-

CTaJIJIOB H HeHTPaJIH3aUHH HX TaM no.u.BHxHblMH HOHaMH cepe6pa [9, c.294].

Y 06bl':lHbiX HeraTHBHblX <t>oToMaTepHaJIOB yBeJIH':IeHHe 3Kcn03HUHH H
Bbl3blBaeT yBeJIH':IeHHe npOSlBJIeHHOH nJIOTHOCTH H306p(I)KeHHSI D (B BH.lle xa-

paKTepHCTH':IeCKOH KPHBOH). O.llHaKO )J,JlSl HeKOTopblX 3MYJIbCHH xapaKTepHO

HaJIH':IHe TO':lKH Ha xapaKTepHCTH':IeCKOH KPHBOH, .llaJIbrne KOTOPOH yBeJIH-

':IeHHe H Be.lleT K YMeHbrneHHIO D (pHc.77). 3TO SlBJIeHHe, Ha3blBaeMoe

COAJlpU3a£(UeU, MOXHO Hcnonb30BaTb )J,JlSl npSlMoro nonyqeHHSI n03HTHBHoro



Pac. 77. XapaKTepHCTH'IeCKHe KpHBhIe C 06JIaCTbJOCOJlJl:pH3aUHHnpH ,IlByx BpeMeHax
npOSlBJIeHIDI: 1 - 4 MHH, 2 - 16 MHH [9, c.296}

H306pIDKeHH1I [1, c. 181]. C0J111pH3aUH1I BnepBble Ha6J1Io~aJIaCb Ha<l>oTOrpaqlH-

1IX COJ1HUa, OT qero H npOH30IIIJIO 3TO Ha3BaHHe. B HaCTOSimee BpeM1I MOX<HO

CqHTaTb o6menpHH1ITbIM CJ1e~YIOmee 06'b1lCHeHHe C0J111PH3aUHH, BnepBble

np~oxeHHoe JIIOnno-KpaMepoM. lipOM (aToMapHbIA HllH M0J1eKYJ111pHhIA),

BbmeJUIIOmHAc1I npH <l>OToXHMHqeCKOM pa3JlOXeHHH AgHal, BbIXO~T H3 pe-

IUeTKH H pearHpyeT C XeJ1aTHHOA, 0KPy)I{aIOme:H: KPHCTaJIJ1. nOKa 3Kcn03HUHH

HeBeJ1HKH, BeCb B~eJUIIOmHAcSi 6POM CBSl3blBaeTClI J1H60 npHMeCHhIMH ueH-

TPaMH, J1H60 xeJ1aTHHoA H npH ~aJIbHeAIUei:!: o6pa6OTKe 3aMeTHoro BJIH1IHH1I

He OKa3bIBaeT. O~HaKO, Kor~a 3Kcn03HuHH CTaHOBlITClI OqeHb 60J1bIUHMH

H XeJ1aTHHa He B COCT01lHHH nOJ1HOCTbIO CB1I3aTb BeCb B~eJ1l1IOmHAc1I 6pOM,

qaCTHqHO npoHcxo~HT o6paTHoe coe~HHeHHe 6pOMa C cepe6pOM CKPblTOro

H306pIDKeHHlI (pe6pOMHpOBaHHe cepe6pa). B pe3YJ1bTaTe 3TOro Ha nOBepXHO-

CTH cepe6pllHbIX qaCTHu, 06pa3YIOmHX CH, n01lBJUIeTClI TOHKa1I nJIeHKa AgBr,

3amHmaIOmall cepe6po OT ~eAcTBHlI np01lBHTeJ111 H TeM caMbIM TOpM0311mag

npouecc npOllBJIeHHSI (18, c.63].

3To 06'b1lCHeHHe XOpOIUO COrJIacyeTclI nOqTH co BceMH 3KcnepHMeHTaJIb-

HbIMH ~aHHbIMH 0 COJUIpH3aUHH. npH MHTeJ1bHOM np01lBJIeHHH COJ1l1PH3aUH1I

YMeHbIUaeTCSI BCJ1e~CTBHe paCTBOpeHHlI nJ1eHKH AgBr CYJ1b<l>HTOM HaTPHlI,

co~epXamHMClI B npOSlBJI1IIOmeM paCTBope (pHC. 77). BBe~eHHe B 3MYJ1bCHIO

aKUenTopOB 6poMa (NaN02' CeMHKap6a30H aueTOHa H ~p.) TaKXe YCTPaHlIeT

C0J1S1pH3aUHIO.

CneKTpaJIbHaB CeHCH6HJlH3all,IUI

raJIOreHH,lJ;OBcepe6pa

§ 1. 06m;He CBe):\eHHB
o CneKTpaJIbHOii ceHCH6HJIH3aIl,HH

CneKTPaJIbHaSi 06J1aCTb nOrJIOmeHHSI H3J1yqeHHlI raJIOreH~aMH cepe6-

pa orpaHHqHBaeTClI B OCHOBHOM cHHei:!: H 60J1ee KOPOTKOBOJ1HOBO:H:06J1aCTbIO

cneKTPa (A < 520 HM). L\JISI OqYBCTBJIeHHSI AgHal B BH~HMOH H HH<l>paKpacHoH

06J1aCTSIX cneKTPa npHMeHlIeTClI CneKmpaJIbHafl ceHcu6UJlU3au,UJl OpraHHqeCKH-

MH KPaCHTeJUIMH, nOrJIOmaIOmHMH CBeT B cooTBeTcTByJOmeH 30He cneKTPa

H nepe~aIOmHMH 3HeprnIO <l>oToB036~eHHSI raJIOreHH~y cepe6pa.

CneKTPaJIbHaSi ceHcH6HllH3auHSI 6bIJ1a OTKPbITa B 1873 r. npo<t>eccopoM

[epMaHoM <DoreJ1eM [50] H S1BJ1l1eTCSIO~HHM H3 BaX<HeHIUHX C06bITHH B HCTO-

pHH <l>ororpa<l>HH [51]. CneKTPaJIbHaSi ceHCH6HJ1H3aUHSI OTKPbITa Ha 34 ro~a

rr03.llHee, 'IeM caMa <l>oTorpa<l>HSI, H npH TOM COBepIUeHHO CJ1yqaHHO. npH

<l>oTorpa<l>HpoBaHHH cneKTPa COJ1HeqHOrO CBeTa <I>oreJ1b 3aMeTHJ1, qTO raJIore-

H~ocepe6pSlHaSi nJ1aCTHHa aHrJIHi:!:cKoro npOH3BO.llCTBa OT CTIOapTa BOPTJ1H

H3 JIoH.llOHa HMeJ1a qYBCTBHTeJ1bHOCTb He TOJ1bKO K <l>HOJ1eTOBbIM H CHHHM

JIyqaM, HO H K 3eJ1eHbIM, T. e. B TOH 30He cneKTPa, r.lle no 06pa3HOMY BbI-

pIDKeHHIO <I>oreJ1S1 «MSI <l>oTorpa<l>HH uapHJ1a TeMHa1I HO'Ib». CaM OH TaK

onHCbIBaeT 3TO C06bITHe: «H3 AHrJIHH SI nOJ1yqHll HeCKOJ1bKO CyXHX nJ1aCTH-

HOK C AgBr, KOTopble 6bIJIH H3roT0BJ1eHbI BOPTJIH MSI np0.lla)l(Ji cnoco60M,

'IaCTH'IHO .llep)KaBIIIHMCSI B ceKpeTe. 3TH nJIaCTHHKH 6bIJIH MHOH 3KcnOHH-

pOBaHbI crreKTpOM, H K CBoc',fy Y.llHBJIeHHIO SI 06Hapy)KHJ1, 'ITO B 3eJIeHOH

06JIaCTH crreKTpa, T. e. Ha JIHHHH E OHH 6bIJIH 'IyBcTBHTeJIbHee, 'IeM B rOJIy6oH

06JIaCTH Ha JIHHHH F... 3TO 06CTOSlTeJIbCTBO n06Y.llHJIO MeH5I rrpOBeCTH 60JIee

rrO.llp06HOe HCCJIe.llOBaHHe CBeTO'IyBcTBHTeJIbHOCTH 6pOMH.llOB cepe6pa K crreK-

TPaJIbHbIM UBeTaM». <I>HpMa C006mHJIa, 'ITO rrJIaCTHHKH HapMY C HHTpaTOM

ypaHa, ryMMHapa6HKOM H raJIJ10BOH KHCJIOTOH CO.llep)KaT )KeJITbIH npOTHBO-

OpeOJIbHbIH KpaCHTeJIb. TaK KaK 'IYBCTBHTeJIbHOCTb <l>oTOnJIaCTHHKH B 3eJIeHOH

30He crreKTPa HC'Ie3aJIa, eCJIH KpaCHTeJIb paCTBOpSlJICSI B cnHpTe, <DoreJIb eCTe-

CTBeHHO CBSl3aJI 3TO Heo6bl'IHOe .lleHCTBHe C )KeJITbIM KpaCHTeJIeM. )laJIee HM

6bIJI C.lleJIaH CJIe.llYJOmHH IIIar, KOTOpbIH no CYTH H COCTaBJI5IeT OTKpbITHe

S1BJIeHHSI CneKTPaJIbHOH ceHCH6HJIH3aUHH. OH OCYIIIeCTBHJI CneKTPaJIbHYIO



ceHCH6HnIUaUlHO KOJIJIO.L\HOHHbIX AgBr-nJIaCTHHOK K )l(eJITbIM H 3eJIeHbIM JIY-

'laM TpH<peHHJIMeTaHOBbIM KpaCHTeJIeM KOppaJIHHOM. 3aTeM OH nOnbITaJIC~

npHMeHHTb H .L\pyrHe KpaCHTeJIH, TaKHe, KaK aHHJIHHOBbIH 3eJIeHbIH H aJIb.L\e-

rH.L\HbIH 3eJIeHbIH, H eMy y.L\aJIOCb .L\06HTbC~ CneKTpaJIbHOH ceHCH6HJIH3aUHH

.L\O '" 660 HM. TaKHM 06pa30M, CJIyqaHHbIH nOHa'laJIy 3KcnepHMeHTaJIbHbIH

<paKT 6JIaro.L\ap~ TaJIaHTY H npOHHuaTeJIbHOCTH Cl>oreJI~ CTaJI OTKPbITHeM HO-

BOro ~BJIeHH~, npaKTH'leCKH He3aMe)l,JlHTeJIbHO HaIlIe.L\IlIero npHMeHeHHe.

BbmaIOIlleec~ OTKpbITHe Cl>oreJI~ n03BOJIHJIO O'lyBCTBHTb raJIOreHH.L\ cepe6-

pa no BceMy BH.L\HMOMY H 6JIH)I(HeMY HH<ppaKPaCHoMY .L\Hana30HY cneKTpa

BnJIOTb .L\O '" 1500 HM. B 3aBHCHMOCTH OT 30HbI CneKTpaJIbHOH ceHCH6HJIH-

3aUHH <poToMaTepHaJIbI .L\eJI~TC~ Ha OpToxpOMaTH'leCKHe, H300pToxpOMaTH-

'leCKHe, H30xpOMaTH'leCKHe, naHxpOMaTH'leCKHe, H30naHxpOMaTH'leCKHe, na-

HHH<ppaxpOMaTH'leCKHe H HH<ppaxpoMam'leCKHe. Ha pHC. 78 nOKa3aHa cneK-

TpaJIbH~ 'lYBCTBHTeJIbHOCTb PAAa <poToMaTepHaJIOB B 3aBHCHMOCTH OT )I,JlHHbI

BOJIHbI H3JIyqeHH~. C06cTBeHHa~ 'lYBCTBHTeJIbHOCTb HeceHCH6HJIH3HpOBaH-

HOH 3MYJIbCHH (a) orpaHH'leHa yJIbTpa<pHOJIeTOBbIMH, <pHOJIeToBbIMH, CHHHMH

H 'laCm'lHO roJIy6bIMH JIyqaMH. oPToxpoMaTH'leCKHe MaTepHaJIbI (6) (op-

TOC - TO'lHbIH, XpOMOC - UBeT, no-rpe'leCKH) HMeIOT .L\OnOJIHHTeJIbHYIO

'lyncTBHTeJIbHOCTb K )l(eJIT03eJIeHbIM H )l(eJITbIM JIyqaM npH nOHH)I(eHHOH

'lyBCTBHTeJIbHOCTH B 3eJIeHOH 30He. l-hoopTOxpOMaTH'leCKHe (8) nO.L\06HbI

OpToxpOMaTH'leCKHM, O.L\HaKO 6e3 npOBaJIa B 3eJIeHOH 30He. qYBCTBHTeJIb-

HOCTb H30xpOMaTH'leCKHX (z) npOCTHpaeTC~ BllJIOTb .L\O OpaH)I(eBbIX JIyqeH.

llaHxpOMaTH'leCKHe MarepHaJIbI (0) (naH - Bce06IllHH, no-rpe'leCKH) CBe-

TO'lYBCTBHTeJIbHbI KO BceMy BH.L\HMOMY cneKTpy OT <pHOJIeTOBbIX .L\O KPaCHbIX

JIyqeH C nOHH)I(eHHOH 'lYBCTBHTeJIbHOCTbIO K 3eJIeHbIM JIytIaM. B OTJIH'lHe

OT HHX, H30naHxpOMaTH'leCKHe (e) paBHOMepHO O'lyBCTBJIeHbI B BH.nHMOM

.L\Hana30He cneKTpa H ~BJI~IOTC~ HaH60JIee COBepIlIeHHbIM <pOTorpa<pHtIeC-

KHM MaTepHaJIOM. llaHHH<ppaxpOMaTHtIeCKHe (:JIC) <pOTOCJIOH tIYBCTBHTeJIbHbI

B KPaCHOH H B caMOM HatIaJIe HH<ppaKPaCHOH 06JIaCTH cneKTpa. H, HaKOHeu,

HH<ppaxpoMamtIeCKHe (3) MaTepHaJIbI (HH<ppa - no.L\, nO-JIaTHHCKH) tIyBCTBH-

TeJIbHbI K HH<ppaKPaCHbIM (HK) JIyqaM C A > 720 HM. B HaCTO~Illee BpeM~

rpaHHua HK-tIYBcTBHTeJIbHOCTH npOCTHpaeTC~ .L\O'" 1500 HM (rv 1,5 MKM).

§ 2. IIOJlHMeTHHOBble KpaCHTeJlH:
KJlaccHcllHKaUH.R, HOMeHKJlaTYpa

CneKTpaJIbHbIMH ceHCH6HJIH3aTOpaMH AgHal MOryT 6bITb KpaCHTeJIH ca-

Moro pa3Ho06pa3Horo CTpoeHH~. o.L\HaKO npaKTH'leCKH npHMeH~eMbIe, HaH-

60JIee 3<p<peKTHBHbIe ceHCH6HJIH3aTOpbI npHHaMe)l(aT K KJIaccy HHTeHCHBHO

nOrJIOIllaIOIllHX CBeT nOJlUMemUH08bIX Kpacume.neu. oHH, KpOMe TOro, 'laCTO

Ha3bIBaIOTC~ u,uaHUH08blMU KPaCHTeJI~MH. TepMHH u,uaHUH08bIU KpaCUmeJlb CJIO-

)l(HJICH HCTOpH'leCKH H npOH30IlIeJI OT Ha3BaHH~ O.L\HOrO H3 nepBbIX KPaCHTeJIeH

Ha OCHOBe XHHOJIHHa (npocToH uHaHHH).

1IIIIInl~~
111111~~~~dR~
1IIIIInlnlll~~
11111~hl~IRlal~~
11111.ftt~~~lllllb~
11111.nlaIIRnlllnh~
11111.ht~nltd.ftlllha",
1111•• nrJ~I' ,"dfjl1~II~~

.111111111
Pue.78. CrreKTpllJIbHaH 'lj'BCTBHTeJlbHOCTb <poToMaTepHlIJIOB C pa3J1HqHOH ceHCH6H-
JlH3aUHeH: a - HeceHCH6HJlH3HpOBaHHbIH, 6 - OproxpOMaTHQeCKHH, 8 - H300PTO-
xpOMaTHQeCKHH, 2 - H30xpOMaTHQeCKHH, a - rraHxpOMaTHQeCKHH, e - H30rraHXpo-
MaTHQeCKHH, :JIC - rraHHH<ppaxpOMaTHQeCKHH, 3 - HH<ppaxpOMaTHQeCKHH

llOJIHMeTHHOBbIe KpaCHTeJIH BbI.L\eJI~IOTCH Cpe.L\H .L\pyrHx MHOrO'lHCJIeH-

HbIX THnOB KPaCHTeJIeH O'leHb BbICOKHM K03<P<PHUHeHTOM nOrJIOIlleHH~ CBeTa

B BH.L\HMOH H HK-30Hax CrreKTpa. K03<P<PHUHeHT 3KCTHHKUHH)I,Jl~ HHX .L\OCTH-



raeT MaKCHMllJIbHOH BeJIH'IHHbI '" 3 . 105 JI. MOJIb-I . CM-I. 3T0 onpellemleTCSI
oc06eHHOCTSIMH CTPoeHHSI xpOMO<pOPHOH CHCTeMbI KpacHTeJIeH. OCHOBHbI-
MH THnaMH cBeronOrJIOmaIOmHX XpOMo<POPOBB nOJIHMeTHHOBblX KpaCHTeJISIX
(TIMK) $IBJI$lIOTC$ICHCTeMbI aMHJlHHHeBOro HOHa (A), Kap60KCHJIbHOrO HO-
Ha (:6) H 6HnOJI$lpHM aMHJlHM (B):

+ . +
)N=CH-(CH=CH)n-N(--- )N-CH=(CH-CH)" N( (A)

O=CH-(CH=CH)n-O-----O-CH=(CH-CH)n 0 (:6)

+
)N-CH=(CH -CH)n 0 --- )N=CH-(CH= CH)n-O- (B)

Ha cxeMax (A)-(B) H306paxeHbI npelleJII>Hble (pe30HaHcHble) CTPYKTy'pbI co-
ellHHeHHH. XapaKTePHblM CBOHCTBOM3THX XpOMo<POPHblX 1r-ConpIDteHHblx
CHCTeM $IBJI$leTC$I HllJIH'IHe He'IeTHOrO 'IHCJIa (2n + 1) MeTHHOBhIX rpynn
(-CH=) Me)l{)].Y 3apIDKeHHhIMH nOJI$lpHblMH aTOMaMH HJIH rpynnHpOBKa-
MH. B c.nytIae aMHllHHHeBOro HOHa (A) TaKHMH nOJI$lpHhIMH CTPYKTYPHbIMH
3JIeMeHTaMH $IBJI$leTC$InOJIO.lKHTeJIbHO3apIDKeHHble 'IeTBepTH'IHble aTOMbI a30-
Ta; M$I CHCTeMbl Kap60KCHJIbHOro HOHa (:6) - 0TPHuaTeJIbHO 3apIDKeHHble
Kap60KCHJIbHhIe aTOMhI KHCJIOpOlla. ,lLn$l <POPMllJIbHO HeHTPllJIbHOH aMHJl-
HOH CHCTeMhI (B) aToMbl, HaxoMmHeC$I Ha KQHUax xpOMo<POpHOH CHCTe-

+
MbI ()N=H-O-), 3ap$l)l{eHbI npoTHBOnOJIO)I{Ho - nOJIO.lKHTeJIbHbIH 3apM

Ha 'IeTBepTH'IHOM a30Te, a OTPHuaTeJIbHblH Ha Kap60KCHJIbHOM KHCJIopOlle.
KpaCHTeJIH THna (A) $IBJI$leTC$IKllTHOHHbIMH, (:6) - aHHOHHhIMH H (B) -
HeHTPllJIbHI>IMH, BepHee, BHYTPHHOHOHJlHblMH. KaK npaBHJIO, KOHueBbie aTO-
Mbl a30Ta 1I KHCJIOpOlla BXOMT B COCTaB reTepOUHKJIH'IeCKHX OCTaTKOB -
6eH3THa30JIa, 6eH30KCa30JIa, 6eH3HMHJla30JIa, XHHOJIHHa, HH)lOJIeHHHa, po-
llaHHHa, THorHJlaHTOHHa H llP. TI03TOMY nOJIHMeTHHOBbie KpacHTeJIH THna
aMHllHHHeBoro HOHa A B 60JIee 06meH <popMe MO)I{HOnpellCTaBHTb B BHlle

<P0PMYJIhI (X):

~x R4 Rs R6Y~
RM~}-(b=b)n-b~N~R3

I IR R1

rlle B CJIyqae 6eH3THa30JIbHOrO npOH3BOllHoro (X, Y = S), 6eH30KCa30JIbHO-
ro (X, Y = 0), 6eH3HMHJla30JIbHorO (X, Y = NR), XHHOJIHHOBOro (X, Y =
-CH = CH-), HHllOJIeHHHOBoro (X, Y = C(Rh) H T.ll.; MSI HeCHMMe-
TPH'IHbIX KpaCHTeJIeH X :1= Y (HanpHMep, X = 0, a Y = S); R H R( -
yrJIeBOllOpollHble PallHKllJIbI, R2 -:- R6 - pa3JIH'IHble 3aMeCTHTeJIH, n = 0-7,
Z- aHHOH. ,lLnSi npHMepa npHBelleM CTPYKTYPbIHeKOTopbIX HaH60JIee H3BeCT-
HbIX KpaCHTeJIeH <POPMYJIbI (X). J(oJIroe BpeM$I B Ka'IeCTBe 3<p<peKTHBHoro

cneKTPllJIbHoro ceHCH6HJIH3aTOpa npHMeHSIJICSI KpaCHTeJIb npoH3BollHbIH 6eH-
3THa30JIa <POPMYJIbI(XI):

7 7'

6~Sl 8 9 8'1'S~6'
5~,t~CH=CH-CH~.1'..1~5' (XI)

4 3~ Br- 3'~ 4'
C2Hs C2Hs

3TOT KpaCHTeJIb 6bm CHHT~3HpoBaH A. rO<pMaHOM B 1887 r. OTKpblBaTeJIb
CneKTPllJIbHOH ceHCH6HJIH3aUHH r. <l>oreJIb B 1875 r. npHMeHHJI MSI O'IYB-
CTBJIeHH$I AgHal npocTeHllIHH UHaHHH <POPMYJIbI (XII), llaBllIHH Ha3BaHHe
ueJIOMY KJIaccy KpaCHTeJIeH:

H"C'-~Z~~Hi ;~C'H"1 _ _ 1

8 5 5' 8'J
7 6 1- 6' 7'

:QHaHHH (XII), npoH3BollHblH XHHOJIHHa, 6bm CHHTe3HpOBaH B 1856 r. BH-
JIb$lMCOM. CaMhIM )l{e nepBblM ceHCHOHJIH3aTOpoM, HCnOJIb30BaHHbiM r. <1>0-
reJIeM B 1873 r. obm TPH<peHHJIMeTaHOBbIH KpaCHTeJIb KOPPllJIHH (XIII),
OTHOC$lmHHC$IK THny Kap60KCHJIbHOro HOHa (:6):

~ "--O~_¢~_~:+.

OH
TIpHMepoM KpaCHTeJI$I aMHllHoH CTPYKTYPbI (B) MO)l{eTCJIY)I{HTbnpocTeHllIHH
npoH3BollHblH pOllaHHHa Mepou,uaHuHo8blU KpaCHTeJIb (XIV).

U;tCH-CH~J.
C2Hs 0 N S

IC2Hs

TIOJIHMeTHHoBble KpaCHTeJIH KaTHoHHoro TUna (A) (<popMYJIa (X)) 'IaCTO
Ha3bIBaIOT, KaK yxe OTMe'IllJIOCb paHee, UHaHHHOBbIMH.

:QHaHHHoBble KpaCHTeJIH MO)l{HOpa3lleJIHTb no TPeM npH3HaKaM: no MHHe
BHellIHeH nOJIHMeTHHoBoH uenH (2n + I), no reTepOUHKJIH'IeCKHM OCTaTKaM,



Cml3aHHbIM nOJIHMeTlIHOBOH uenblO, H no MeCT)' npHcoe,UHHeHHH nOJIHMe-

THHOBOH uenn. llPOCTO UHaHHHbI HMelOT BO BHeUIHeH uenH JIHllIb O,UHY

MeTHHoBylO rpynny (CM. <POPMYJIY (XII». I1Haqe OHH Ha3bIBalOTCH MOHOMe-

THHUHaHHHaMH. Kap60UHaHHHbI HMelOT TPH MeTHHOBbIX rpynnbI (CM. <pop-

MyJIy (XI». ):{pyroe HX Ha3BaHHe - TPHMeTHHUHaHHHbI. ):{HKap60UHaHHHbI

COOTBeTCTBeHHO HMelOT nHTb MeTHHOBbIX rpynn (,UBe BHHHJIeHOBble H O,UHy

MeTHHoBYIO), TPHKap60UHaHHHbI - ceMb MeTHHOBbIX rpynn H T.,U. TaKaH

HOMeHKJIaTYPa UHaHHHOB (aHrJIHHCKaH) CJIO:>KHJIaCbHCTOpHqeCKH.

B COOTBeTCTBHH C reTepoocTaTKaMH, BXO,UHIUHMH B MOJIeKYJIy UHaHH-

HOBoro KPacHTeJIH, B ero Ha3BaHHe BBO,UHTCH KopeHb, xapaKTepH3YlOIUHH

reTepoocTaToK. ECJIH B MOJIeKYJIy BXO,UHT OCTaTKH 6eH3THa30JIa, TO ,UO-

6aBJIHeTCH «THa», 6eH30KCa30JIa - «OKca», 6eH3CeJIeHa30JIa - «ceJIeHa»,

6eH3HMH,Ua30JIa- «HMH,Ua», HH,UOJIeHHHa - «HH,UO», XHHOJIHHa - «XHHO»

H T.,U. TaKHM 06Pa30M, KPaC,JiTeJIb <POPMYJIbI (XI) 6y,UeT mUOIwp6ou,uaHuHoM,
a <P0PMYJIbI (XII) - xUHou,uaHUHOM. llpocTeHllIHe UHaHHHOBble KPaCHTeJIH

CTPYKTYPbI A, Y KOTOPbIX aTOMbI a30Ta He BXO,UHT B COCTaB reTepOUHKJIOB,

Ha3bIBalOTCH cmpenmou,uaHUHaMU (CTPenTOC - uenoqKa, no-rpeqeCKH).

):{JIH 0603HaqeHHH MeCTa npHcoe,UHHeHHH uenH K reTepOUHKJIHqeCKoMy

HaPY, a TaIOKe 3aMeCTHTeJIeH B MPax npHMeHHIOT HyMepaUHIO aTOMOB, npHHH-

T)'IO ,lI.J1HreTepoUHKJIOB. HYMepaUHH HaqHHaeTCH OT reTepoaTOMa C HaH60JIb-

llIHM aTOMHbIM BeCOM H ae,UeTCH no HanpaBJIeHHIO K 6JIH:>KaHllIeMy yrJIepO,UHO-

MyaToMy, HMelOIUeMY 3aMeCTHTeJIb C HaH60JIbllIHM aTOMHbIM BeCOM (B UHaHH-

Hax - K aToMy, CBH3aHHOMY C uenblO). B KOH,UeHCHpOBaHHbIX reTepOUHKJIax

C 6eH30JIbHbIM MPOM HyMepylOTcH TOJIbKO Te aTOMbI 6eH30JIbHOro KOJIbua,

y KOTOpbIX MOryT 6bITb 3aMeCTHTeJIH. HOMepa aTOMOB yrJIepo,Ua B nOJIHMe-

THHOBOH uenH HBJlHIOTCH npO,UOJDKeHHeM HOMepOB aTOMOB B reTepOUHKJIax.

Ha3BaHHe UHaHHHa 06pa3yeTcH B CJIe,UYIOIUeM nopMKe: CHaqana YKa3bIBaeTCH

nOJIO:lKeHHe H HaHMeHOBaHHe 3aMeCTHTeJIeH B reTepOOCTaTKax, B nOJIHMeTH-

HOBOH uenH H MeCTO npHcoe,UHHeHHH uenH (eCJIH OHO HeO,UH03HaqHO), 3aTeM

KopeHb, XapaKTepH3ylOIUHH reTepOOCTaTKH, ,Uanee HaHMeHOBaHHe KpaCHTeJIH

B COOTBeTCTBHH C ,lI.J1HHOHBHellIHeH nOJIHMeTHHOBOH uenH H, HaKOHeu, yKa3bI-

BaeTCH HaHMeHOBaHHe npOTHBOHOHa. B COOTBeTCTBHH C npaBHJIaMH Ha3BaHHe

KpaCHTeJIH <POPMYJIbI (XI) 6y,UeT: 3, 3'-,UH3THJITHaKap6oUHaHHH6poMH,U. ):{JIH

KpaCHTeJIH <pOpMyJIbI (XII)-i, i'-,UHaMHJI-4, 4'-XHHoUHaHHHHo,UH,U. Ha3BaHHe

ero aHanora H3BeCTHoro KpaCHTeJIH nceBaou,uaHuHa <pOpMyJIbI (XV):

6y,UeT CJIC,UYIOIUHM - i, i'-,UH3THJI-2, 2'-xHHoUHaHHHHo,UH,U. llpHBe,UeM ellie

Ha3BaHHe 60JIee CJIO:lKHoro THaKap60UHaHHHa <P0PMYJIbI (XVI):

7 7'
6~Si C2Hs I'S~6'

~t~CH=~-CH~~TMoCH3
H3CO 5 4 3~ 8 9 8' ~ 3' 4' 5

C2Hs C2HsCl-

3, 3'-,UH3THJI-5, 5' -,UHMeToKcH-9-3THJITHaKap6oUHaHHHXJIOpH,U. B HaCTOHIUee

BpeMH peKOMeH,UOBaHa CHCTeMa 0603HaqeHHH IUPAC.

Ha HOMeHKJIaTYPe KpaCHTeJIeH THna Kap60KCHJIbHOrO HOHa (E) H aMH,U-

HOro THna (B) MbI He OCTaHaBJIHBaeMCH. llo,Upo6Hble CBe,UeHHH 0 HHX MO:lKHO

HaHTH B [I, c. i94; i8, c.308]. KpaCHTeJIH THna (E) Ha3bIBalOT OKCOHOAaMU.
llpaKTHqeCKH 60JIee Ba:lKHble aMH,UHble KPaCHTeJIH THna (B), Ha3bIBalOT Mepo-
u,uaHUHaMU. I1x Ha3BaHHe npOHCXO,UHT OT rpeqeCKoro CJIOBa «Mepoc»- qaCTb,

TaK KaK OHH co,Uep:>KaT JIHllIb O,UHy H3 reTepOUHKJIHqeCKHX rpynnHpoBOK,

B OTJIHqHe OT UHaHHHOB, HMelOIUHX ,UBe TaKHe rpynnHpoBKH (CM. <P0PMYJIY

(XIV». COnpH:lKeHHbIH KHCJlOP0,U (Kap60KCHJIbHbIH) BKJIlOqeH B reTepOUHKJIH-

qecKYIO cHcTeMy po,UaHHHa HJIH THom,UaHTOHHa. KpoMe TOro, He06xo,UHMO

ynoMHHYTb npaKTHqeCKH Ba:lKHbIH KJIacc nOJIHMeTHHOBbIX KPaCHTeJIeH poaa-
u,uaHUH08. OHH nOJIyqHJIH npHMeHeHHe B UBeTHbIX <poToMaTepHanax. Po,Ua-

UHaHHHbI npe,UCTaBJIHIOT C060H MepOUHaHHHbI, K KOTOpbIM qepe3 MeTHHoBylO

rpynny npHcoe,UHHeH BTOPOH a30Toco,Uep:>KaIUHH reTepOUHKJI. Po,UaUHaHHHbI

no,U06Ho UHaHHHaM HBJlHIOTCH KaTHOHHbIMH KPaCHTeJIHMH. <l>opMyJIa O,UHoro

H3 po,UaUHaHHHOB (XVII) npHBe,UeHa HH:lKe.

c:e:-~CH-CH"---SS~
I .A..,)=CH~t.JV
C2Hs 0 N _ N

I I I
C2Hs C2Hs

TaKHM o6pa30M, KJIaCcll<pHKaUHIO nOJIHMeTHHOBbIX KpaCHTeJIeH MO:lKHO

nO,UbITO:lKHTb B BH,Ue cxeMbI:

UHaHHHbI
(pollaUHaHHHhI,

CTpeIITOUHaHHHbI)



§ 3. OCHoBHble npe;J;cTaBJIeHHB
o UBeTHOCTH KpaCHTeJIeH

)l.n51 nomlMeTHHOBbiX KpaCHTeneM: yCTaHoBneHhl OCHOBHbie COOTHOllleHH5I

Me)J(Jl;y HX IlBeTHOCTblO (MaKCHMYMOM nornOmeHH5I H HHTeHCHBHOCTblO nono-

CbI nornomeHH5I) H CrpYKTYP0M: MoneKYn. Ilpe)J(Jl;e Bcero, H3yqeHo BnH5IHHe

)l.JlHHbi BHelllHeM: nonHMeTHHOBOM: IlenH Ha cneKrphi nornOmeHH5I KpaCHTeneM:,

a, Cne,llOBaTenbHO, Ha cneKrp ceHCH6HnH3aIlHH. B 6U1tUAOZUlfeCKOM pROy IlHa-

HHHOBbiX KpaCHTeneM:, KaK npaBHno, y)l.JlHHeHHe IlenH Ha O,llHY BHHHneHoBylO

rpynny (-CH = CH-) npHBO,llHT K CMemeHHIO MaKcHMyMa nornOmeHH5I

npH6nH3HTenhHO Ha 100 HM B CTOpOHy 60nee )l.JlHHHhiX BonH. Ha pHC. 79
npHBe,lleHbi KPHBhIe nornOmeHH5I pacTBopoB KpaCHTeneM: Q:>opMynbi (XVIII)

B MeTaHOJIe [1, c.196].

cr-:-J-(CH=CH)nCH~-:()
~~~ N

I IC2Hs X- C2Hs

e'1O-4

28
24
20
16
12

8
4
0

400

n=3
n=2

PIIe.79. CneKTpbI nOrJIOmeHIHI KpacHTeneii BHHHnOrHtleCKOro plUla THanonHKap6o-

UHaHHHOB B MeTaHone [1, c. 196]

CornaCHO pHC. 79 npH y)l.JlHHeHHH MeTHHOBOM: IlenH OT n = 0 ,ll0 n= 5
Ha6nlO,llaeTC5I C,llBHr A~;:,a )l.Jl51 KpaCHTeneM: B HHTepBane n = 0-3 POCT

K03Q:>Q:>HIlHeHTa 3KCTHHKIlHH (e). B Ta6nHIle 4 npHBe,lleHhi Ma)<cHMyMbi no-

rnOmeHH5I THanonHKap60IlHaHHHoB Q:>opMynbi (XVIIi) B 3TaHone H Ha AgHal

()l.Jl51n = 0-6).

KpaCHTeJIb n MaKCHMYM, HM

IlOfJIOll\eHHlI B C2HSOH CeHCH6HJIH3aUHH AgHal

THaUHaHHH 0 425 450
THaKap60UHaHHH 1 560 590
THanHKap60UHaHHH 2 655 700
THaTpHKap60UHaHHH 3 761 810
THaTeTPaKap60UHaHHH 4 872 940
THaneHTaKap60UHaHHH 5 985 1030
THareKcaKap60UHaHHH 6 1100 1150

)l.nHHHOBOJIHOBhIM: C,llBHr ~A ~ 100 HM Ha6JIIO,llaeTC5I B p5l.llY THanOJIH-

Kap60IlHaHHHOB C n = 1-6. C,llBHr ~A npH nepeXO,lle OT THaIlHaHlfHa (n = 0)

K THaKap60IlHaHHHY (n = 1) 60JIbllle 100 HM, qTO CB5I3aHO co CTepHqeCKHMH

npen5lTCTBH5IMH B THaIlHaHHHe.

XapaKT.ep reTepOIlHKnHqeCKHX 5I.llep TaK )Ke, KaK H )l.JlHHa BHelllHeM:

nOJIHMeTHHOBOM: IlenH, CHJIbHO BnH5IeT Ha nOJIO)KeHHe MaKCHMYMa norno-

meHH5I KPaCHTeJI5I. EpYKep, CHCTeMaTH3HpOBaB 3KcnepHMeHTanbHbie ,llaH-

HhIe, nocrpOHJI ,llHarpaMMY (pHc.80), HarJI5I.llHO npe,llCTaBJUlIOIllYIO pacno-

JIO)KeHHe MaKCHMYMOB nornOmeHH5I BHHHJIeHOBhIX rOMOJIOrHqeCKHX P5l.ll0B

CHMMerpHqHhlX IlHaHHHOBbiX KPaCHTeJIeM: C Pa3JlHqHbIMH reTepOU;HKnHqeC-

KHMH 5I.llpaMH, CO,llep)KamHMH BO Bcex CJIyqa5IX npH aToMax a30Ta 3THJIhHbie

rpynnbI [52, c.219]. qHCJIO n YKa3bIBaeT KOJIHqeCTBO BHHHJIeHOBbIX rpynn.

EYKep CBH3an IlBeT KPaCHTeJIeM: C OCHOBHOCThlO reTepOIlHKnHqeCKHX 5I.llep.

CornaCHO ,llHarpaMMe pHc.80, C pOCTOM OCHOBHOCTH Ha6JIIO,llaeTCH TeH,lleH-

IlHH yrny6JIeHHH IlBeTa KpaCHTeJIH. CymecTBeHHoe BJIHHHHe Ha oKPacKY IlMK

OKa3bIBaIOT 3aMeCTHTeJIH B 5I.llpax H B nOJIHMeTHHOBOM: IlenH, H, npe)K,lle Bcero,

3JIeKrpoHO,llOHOPHbIM: HJIH 3JIeKrpoHoaKIlenTOpHbIM: xapaKTep 3aMeCTHTeJIeM:.

TaKHM 06pa30M, cBoe06pa3He CrpyKTYPbI nOJIHMeTHHOBhIX KPaCHTeJIeM: no-

3BOJIHeT lllHpOKO BapbHpOBaTb IlBeTHOCTb COe,llHHeHHM:, qTO ,llOCTHraeTCH JIH60

H3MeHeHHeM )l.JlHHbI nOJIHMeTHHOBOM: IlenH, JIH60 H3MeHeHHeM THrra reTepo-

IlHKnHqeCKoro 5I.llpa, JIH60 BBe,lleHHeM 3aMeCTHTeJIeM: B 5I.llpa HJIH B Ilenb.

COBpeMeHHbie npe,llCTaBJIeHH5I 0 IlBeTHOCTH 1r-COnpH)KeHHbiX CHCTeM,

K KOTOpbIM OTHOCHTC5I nOJIHMeTHHOBbie KpaCHTeJIH, OCHOBaHbi Ha BbIBO,llax

TeopHH MOJIeKYJIHpHbiX op6HTaneM: (MO) B pa3JlHQHhiX ee npH6JIH)KeHHHX

(MO ]JKAO, IlIlIl, CNDO H ,llp.) [53].)l.n51 cHMMerpHQHbiX IlHaHHHOB BeCh-

Ma KoppeKTHbie pe3YJIbTaThI nOJIyqalOTc5I B npH6JIH)KeHHH XIOKKeJIH (MOX).

B paMKax npe,llCTaBneHHM: 0 MOJIeKYnHpHhIX op6HTan5lx nornOIlleHHe CBeTa

KPaCHTeJIeM CBH3aHO C nepeXO,llOM 3neKrpOHa C BepXHeM: 3anOJIHeHHOM: MO-

JIeKYJIHpHOM: op6HTanH (B3) Ha HH)KHIOIO BaKaHTHylO (HB). 3TO HJlJIIOCrpH-

pyeTcH pHc.81, COrJIaCHO KOTOpOMy 3Hepm51 KBaHTa CBeTa, nOrJIOmeHHoro

MOJIeKYJIOM:, paBHa pa3HOCTH Me)J(Jl;y 3HepmeM: HH)KHeM: BaKaHTHOH MO (eHB)
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PRe.80. ITOJIO)KeHHe MaKCHMYMOll nOrJIOmeHHH B MeTaHOJIe ,lVUI BHHHJIeHOBblX cepHH
UHaHHHOB 1I 3aBHCHMOCTH OT THna reTepoUHKJIH'-IeCKHX AAep [52]

H aepXHei1 3aHjlToi1 MO (eB3):

l:1E = hv = eHB - eB3.

nepeXOJ(bI MeX<.llY JlPyrHMH Op6HTaJljlMH TaIOKe B03MOJKHhI, HO OHH MeHee

Bepo$lTHhI.

KBaHToBO-XHMH'l(eCKHe paC'l(eThl, BhInOnHeHHhle TaHH H KHKY'IH Mero-

,nOM MOX ,nlUt TltaiIMHKap60I,lHaHHHOB CTpoeHH$I (XVIII), nOKa3aJ1H [54], 'l(TO

no Mepe YMHHeHH$I nonHMeTHHOBOH uenH Ha6moJ,laeTCjI C6nH)KeHHe ypOB-

HeH eHB H eB3 (CM. pHC. 82), T. e. YMeHhllIaeTC$I BeJIH'l(HHa nOrJIOmaeMoro KBaH-

Ta CBeTa H, KaK Cne.llCTBHe, HMeeT Mecro .unHHHoBonHoBhlH C.llBHr nOrJIOllIeHH$I.

PaC'l(eTHhle BenH'l(HHhI >.~~Jl(H3 3Ha'l(eHHH l:1E = hv) KoppenHpYIOT C 3KcnepH-

MeHTaJlhHhIMH MaKcHMYMaMH nOrJIOmeHHjI (pHC. 83). B MeTo,ne MOX XOpOIlIO

nepe.llaeTCjI MHSIHHe pa3RH'l(HhIX reTepOUHKJIH'l(eCKHX SI,llep H 3aMeCTHTeneH

Ha UBeTHOCTh KPaCHTeneH. ,lI,.JUI npHMepa Ha pHC. 84 npHBe.lleHhI .llHarpaMMhI

ypoBHei1 THaTpHKap60UHaHHHoB C pa3RHQHbIMH 3aMeCTHTenSIMH B Me30-nono-

)KeHHH uenH. KaK Cne.llyeT H3 pHC. 84, BBe.lleHHe 3neKTpOHo,noHOpHOH aMHHO-

rpynnhl pa3.llBHraeT ypOBHH eHB H eB3 H CMemaeT nOrJIOmeHHe B 06nacTh 60nee

--(_.-0-- cB3

-0-0--
-0-0--

PRe.81. CneKTPlUlbHbIA nepeXOA B MOJIeKYJIe KpaCHTeJlJI (Kp) B MOAeJIH MOJIeKYJUlpHbIX
op6HTaJIeA; eHB - HH)KHSISIBaKaHTH8JI Op6HTaJIb, eB3 - BepXHIDI 3aIDIT8JI Op6HTaJIb

E,3B

CHI
n=O

n=1
n=2

-IIf-hv

cB3

>..norn 425 560 655 761 872 985max' HM

PRe.82. ,L{HarpaMMa 3HepreTH'ieCKHX ypOBHeH THaUHaHHHOBblX KpaCHTeJIeH <l>OpMyJIbl
(XVIII) H MaKCHMYMbI nOrJIOmeHIDI B C2HsOH

KOpOTKHX .unHH BOnH, T. e. cnoc06cTByeT nOBhIllIeHHIO UBeTa (rHncoxpOMHblH

C.llBHr; rnncoc - BhICOTa, no-rpe'l(eCKH) H, Ha060pOT, 3neKTpOHoaKUef!-

TOpHaSI UHaH-rpynna cnoc06cTByeT C6nH)KeHHIO MO H .unHHHOBOJIHOBOMY

C.llBHry >.~C:::,T. e. YrJIy6neHHIO UBeTa (6aToxpOMHhIH C.llBHr; Garoc - rJIy6H-

Ha, no-rpeQeCKH). BBe,neHHe 3aMeCTHTeJleH B 3TO MeCTO uenH cpaBHHTeJlbHO

MaJlO MHjleT Ha nOnO)KeHHe eB3, O.llHaKO CYIUeCTBeHHO CKa3h1BaeTC$I Ha nOJlo-

)KeHHe YPOBHSI eHB - 3neKTpOHO.llOHOPHaSI rpynna NHC4H9 nOBhlllIaeT 3TOT

YPOBeHb H, Ha060poT, 3neKTpOHOaKUemopHaSI CN-rpynna YrJIy6J1SIeT ero.

9*
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CBoeo6pa3He CTPoeHH5I H CBOHCTB nOJIHMeTHHOBhIX KpaCHTeJIeH, Bhme-

JIHBWee 3TOT KJIaCC KpaCHTeJIeH cpe.lI:H .lI:pyrHx, CB5I3aHO C TaK Ha3hIBaeMhIM

nOJlUMemUH06bIM coCmOflHUeM, o6YCJIOBJIeHHhIM HaJIHtIHeM B 1r-CHCTeMe HeqeT-

HOro qHCJIa conpIDKeHHhIx aTOMOB yrJIepo.lI:a Me)l():l;y nOJI5IpHhIMH KOHL\eBhIMH

rpynnaMH XPOM0<pOPHOH CHCTeMhI (CTPYKTYPhI (A), (E), (B)). l1.lle51 cyme-

CTBOBaHH5I nOJIHMeTHHoBoro COCT05lHH5I 6hma pa3BHTa npo<p. 3. )l;3He [55].
CneL\H<pHqHOCTh 3JIeKTPOHHOH CTPYKTYPhI nOJIHMeTHHOBhIX KPaCHTeJIeH cno-

C06CTBOBaJIa WHpOKOMy HX npHMeHeHHIO B KaqeCTBe CneKTPaJIhHhIX ceH-

cH6HJIH3aTOpoB, HeCMOTP5I Ha MHoroqHCJIeHHhle nonhITKH HCnOJIh30BaHH5I

KPaCHTeJIeH .llpyrux KJIaCCOB.

B qeM cBoeo6pa3He nOJ1HMeTHHOBoro COCT05lHH5I? fIOJIHMeTHHoBoe co-

CT05lHHe cymecTBeHHO OTJIHqaeTC5I OT .llpyrux H3BeCTHhlX COCT05lHHH 1r-CO-

npIDKeHHhIX CHCTeM - OT nOJIHeHOBoro COCT05lHH5I C qeTHhiM qHCJIOM MeTH-

HOBhIX rpynn (N) HOT apOMaTHqeCKHX COe.llHHeHHH TaIOKe C qeTHhIM qHCJIOM

N . .ll;JI5I nOJlUeH060Z0 COCT05lHH5I X = (CH-CH)N/2 = X, r.lI:e X - KOHL\eBhle

rpynnhI, xapaKTepHhI BhlpOBHeHHOCTh 1r-3JIeKTPOHHOH nJIOTHOCTH Ha MeTH-

HOBhIX aToMax ymepO.lla B.llOJIh L\enH H aJIhTepHHpOBaHHe nOPMKOB CB5I3eH

(OP.lI:HHapHhle, .lI:Boj;fHhle) (CM. cxeMy pHC. 85).
BTopoe H3BeCTHoe COCT05lHHe 1r-COnpIDKeHHoH CHCTeMhI - apOMamu-

'teCKoe, TaIOKe C qeTHhIM N, xapaKTepH3yeTc5I KaK BhlpoBHeHHocThlO 1r-

3JIeKTPoHHOH llJIOTHOCTH, TaK H rrOPMKOB CB5I3eH (nOJIYTOpHhle CB5I3H).

PHc.83. KoppeJUlUH51 Mex.ay paCCqHTaHHbIMH BeJIHqHHaMH Emax (MOX) ,lI.IDIUHaHH-
HOBbIX KpaCHTeJIeH H Ha6mo.llaeMbIMH B MeTaHOJIe (a) H npH a,llCOp6UHH Ha AgBr (6) 154]

l1.LJ:eaJIhHOe nOJlUMemUH06oe COCT05lHHe X=(CH)N=X OTJIHqaeTC5I KaK

OT nOJIHeHoBoro, TaK H OT apOMaTHqeCKOrO COCTOHHHH TeM, 'ITO B HeM HeqeT-

Hoe 'IHCJIO MeTHHOBhIX rpynn N, a n03TOMY Ha6JIIO.llaeTCH aJIhTepHHpOBaHHe

1r-3JIeKTPOHHOH nJIOTHOCTH Ha rrOJIHMeTHHOBOH L\enH H paBHhle nOPMKH

1r-CBH3eH (OKOJIO nOJIYTOpHhIX). 3TH CBOHCTBa COXpaH5IIOTC5I H B <pOTOB036y-

)l():l;eHHOM COCTOHHHH nOJIHMeTHHoBoro KpaCHTeJIH, O.llHaKO npH 3TOM HMeeT

MeCTO 06pameHHe 3HaKa 3apMOB Ha MeTHHOBbIX aTOMax yrJIepO.lla. Ha .llHa-

rpaMMe pHC. 86 npHBe.lI:eHhI 1r-3JIeKTPOHHhle nJIOTHOCTH Ha aTOMax ymepo.lI:a

nOJIHMeTHHoBoH L\enH .lI:Jl51THanOJIHKap6oL\HaHHHOB CTPoeHH5I (XVIII). Xo-

pOWo BH.lI:HO aJIhTepHHpOBaHHe 3apMa Ha L\enH H ero o6pameHHe B <pOTOB03-

6Y)1():1;eHHOMCOCTOHHHH (8().
KaKoBhI CJIe.llCTBH5I TaKoro 3JIeKTPOHHoro CTPoeHH5I rrOJIHMeTHHOBhIX KPa-

CHTeJIeH? AJIhTepHHpoBaHHe 3apMoB B.lI:OJIh XpOMO<pOpHOH L\enH H HX o6pa-

meHHe npH <pOTOBo36Y)l():l;eHHH orrpe.lI:eJI5IeT BbICOKY~ CTerreHb nomomeHHH

CBeTa COe.llHHeHH5IMH B BH.llHMOH H HH<ppaKpaCHOH 06JIaCTHX cneKTPa 3a C'IeT

3<p<peKTHBHOrO B3aHMO.lleHCTBH5I C .llHnOJIeM CBeTOBOH BOJIHbI. K03<P<PHL\H-

eHThI 3KCTHHKL\HH L\HaHHHOB .llOCTHralOT MaKCHMaJIhHhIX .lI:JlH KpaCHTeJIeH

T-± -1- -1f --1-
~ ~

Pac.84. L!:HarpaMMbI ;)HepreTHqeCKHX ypOBHeH: THaTpHKap6oUHaHHHOBbiX KpaCHTeJIeH:
C 3aMeCTHTeJUlMH B Me30-nOJIo:lKeHHH uenH H MaKCHMYMbi nOrJIOIUeHH5I B aueTOHH-
TpHJIe



1. IlOJIHeHoBoe COCTO-
lIHHe

X=(CH-CH) = X
N/2

BbIPOBHeHHOCTb
11"-3J1eKTpoHHoH
ruIOTHOCTH

An:bTepHHpoBaHHe
nOpRJlKOB cB1I3eH

2. ApOMaTH'IecKoe
COCTOllHHe 0

,---
I '

I CHN\ I, ,'-- ..•.o
BbIpoBHeHHOCTb
11"-3J1eKTpoHHoH
ruIOTHOCTH

BbIpoBHeHHOCTb
nOpRJlKOB CB1I3eH.
nOJlyropHhle CB1I3H

3. nOJlHMeTHHOBoe
COCTOllHHe

An:bTepHHpoBaHHe
1I"-3J1eKTpoHHoH
ruIOTHOCTH

BhlpoBHeHHOCTb
nOPRJlKOB CBlI3eA.
nOJIyrOpHble CB1I3H

PHc.85. KJIaccHcPHl'llUHlI 1I"-COnpll)KeHHbIX CHCTeM

3HaqeHHH e = 2 - 3· 105 JI. MOJIb -I • CM-I. KpOMe TOro, aJIbTepHHpOBaHHe

3apMoB B OCHOBHOM COCTORHHH (SO) 06ycJIaBJIHBaeT XOpOllIylO 3,llCOp6Hpye-

MOCTh KPaCHTeJIeH Ha nOBepXHOCTH HOHHhIX KPHCTaJIJIOB AgHal, r,ne TaIOKe

HMeeT MecTO aJIhTepHHpOBaHHeM 3aPMOB, C03,naBaeMhIX HOHaMH Ag+ H Hal- •

BhIpOBHeHHOCTh nOPMKoB cBR3eH B nOJIHMeTHHOBoH uenH KPaCHTeJIeH

H npH6JIH)KeHHe HX K nOJIYTOpHhIM CBR3RM o6YCJIaBJIHBaeT )I(eCTKOCTh MOJIeKY- .

JIhI H TeM caMhIM ee nJIOCKOCTHOCTh. )laHHhIe peHTreHocTPyKTYPHoro aHaJIH3a

MR pMa cHMMeTPHqHhIX KPaCHTeJIeH no,nTBep)I(,l{alOT nOT BhIBO,n [1, c.203].

BhIcoKonpeUH3HoHHhIH peHTreHocTPYKTYPHhIH aHaJIH3 no,nTBep,nHlI TeopeTH-

qeCKH npe,nCKa3aHHylO 3HallHTeJIhHYlO BhIpoBHeHHocTh MR CBR3eH B nMK

npOH3Bo,nHhIX 6eH3THa30JIa, 6eH3HMH,na30JIa H ,npyrHx KpaCHTeJIeH, 3JIeK-

TPOHHaR cTPYKTYPa KOTOphIX npH6JIHxaeTcR K H,neaJIhHOMY nOJIHMeTHHoBoMy

COCTORHHIO. BMecTe C TeMMHHhI CBR3eH MOryT HeCKOJIhKO OTKJIOHRThCR

OT nOJIYTOpHbIX (1,39 A), a ymhI Me)l(,l{y CBR3RMH OT 120°.

ComacHo peHTreHOCTPYKTYPHhIM ,naHHhIM, 60JIhllIHHCTBO MOJIeKYJI TH-

nH'IHhIX ceHCH6HlIH3aTopOB - nOllTH nJIOCKHe, C ymaMH Me)l(,l{y nJIOCKOCTRMH

reTepOKOJIeu MeHhllIe 15°. Ha pHC. 87 npHBe,neHhI ,naHHhIe peHTreHOCTPYKTYP-

HOro aHaJIH3a MR KpHCTaJIJIa npocTeHllIero UHaHHHa - cTPemoKllp6oUH-

aHHHa [57]. ComacHo npHBe,neHHhIM pe3YJIhTaTaM MHHhI CBR3el:i B nOJIH-

f1r~ ~--f':l
~ 1 n 1

-0,162 +0,113 -0,162 So

-0,030 -0,039 +0,069 -0,054 +0,069-0,039 -0,030 SI

PIle. 86. )J.HarpaMMhl pacnpe.lleJteHHlI 1I"-3J1eKTpolUlbIX MOTHOCTeH B lloJlHMeTHHO-
BOH uenH THaITO,1JHKap6oUHaHHHOB CTpoeHHlI (XVIII) B OCHOBHOftf (So)"JI nepBoM
cPOToB036y)K,1leHHOM (81) COCTOll}{HH [56J. Paccq}ffaHbI MeTOll,OM n:apH3epa-nOruIa-
nappa .
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he. 87. PeHTreHorpacPH'IeCKHe CTPYKTypbI KpHCTaJlJIOB cTpenroKap6ouHaHHHa (a)
H HMH,llaKap6oUHaHHHa (6) [57J



MeTI1HOBOM: ueIm (1,395 11 1,366 A) YKa3hIBalOT Ha nOJIHylO ,neJIOKaJII13aUI1IO

7T-3JIeKTPOHOB 11Haee npOMe:lKyrOqHhIM: xapaKTep Me:lK.!l,y ,nBOM:HOM:(rv 1,34A)

11op,nI1HapHhIM: (1,54 A) B 7T-COnp51:lKeHHhIX CI1CTeMaX nOJmeHOB. )lJI51 6eH30JIa

C Tl1nl1qHOM: nOJIyropHOM: CB513hlO paCCT051Hl1e c-c paBHo 1,40 A. Ha 3TOM :lKe

pHcyHKe npl1Be,neHa peHTreHorpa<pHqecKa5l cTPyKTYPa 3aMemeHHoro B MPax

HMH.lI,aKap60Ul1aHI1Ha. KaTHoH KpaCHTeJI5l 6JII130K K nJIaHapHoMy. YroJI CB51311

Me:lK.!l,y aTOMaMI1 yrnepo,na uenl1 paBeH 122
0

11, TaKI1M 06pa30M, npH6JII1:lKaeT-

C51K TeOpeTHqeCKoMy yrny 120
0

M51 sp2-rI16pl1,n1130BaHHoro aTOMa yrnepo,na

B 7T-COnp5l:lKeHHOM: CHCTeMe. )l(ecTKa51 nJIaHapHa51 CI1CTeMa cnoc06cTByeT 06pa-

30BaHI11O Y3KI1X CeJIeKTI1BHhIX nOJIOC nOrJIOmeHI151 KpaCHTeJIeM:. IlJIaHapHocTh

MOJIeKYJI nOJIHMeTHHOBhIX KpaCI1TeJIeM: JIe:lKHT B OCHOBe 5lBJIeHI151 azpezau,uu
KpaCHTeJIeM:.

CJIe,nyeT OTMeTI1Th, qTO M51 KpaCI1TeJIeM: C KOpOTKOM: BHeUIHeM: uenhlO

B03MO:lKHhI CTepl1qeCKi1e 3aTPy,nHeHI151 npH BBe,neHI1I1 3aMeCTHTeJIeM: B uenh

I1JII1 B reTepOUHKJIl1qeCKl1e Mpa, KOTophIe MOryr npl1Bo,nI1Th K HapymeHl110

nnaHapHOCTI1 KpaCI1TeJI51 H, KaK CJIe,nCTBHe, K yxy,nmeHI1IO nOJII1MeTI1HOBO-

ro COCT051HI151. 3TO np051BJI51eTC51 B YMeHhmeH1111 I1HTeHCI1BHOCTI1 nornome-

HH51 CBeTa 11 B yml1peHHH nOJIOChI nornOmeHH51 KpaCI1TeJI51. 113BecTHO, qTO

B MOJIeKYJIax Me30MeTHJI3aMemeHHoro THaxI1HOMOHOMeTI1HUl1aHHHa, 1, 1'-

,nH3TI1JIXHHO (2)- 11 XHHO (4)-Ul1aHI1HOB, yrOJI Me:lK.!l,y nJIOCKOCT51MI1 reTepo-

UI1KJIl1qeCKi1X CI1CTeM COCTaBJI51eT 40-60
0 [1, c.203). HennocKHe KpaCI1TeJII1,

KaK npaBI1JIO, <poTOrpa<pl1qeCKI1 MaJI03<p<peKTI1BHhI.

IlpH YBeJIl1qeHl111 KOHueHTPaUHH KpaCI1TeJIeM: B paCTBope Ha6JIIO,naeTC51

TPaHc<popMaUH51 CneKTPOB a.nCOp6l1poBaHHoro KpaCI1TeJI51 - HapMY· C M-

nOJIocoA 06pa3YIOTC51 HOBhIe nOJIOChI, 6aToxpoMHO C,nBI1HyrhIe OTHOCI1TeJIhHO

M-nOJIOCbI (B-, J-nOJIOCbI) I1JII1 rl1nCOXpOMHO CMemeHHhIe (D-, H-nOJIOChI).

Ilpol1cxo:lK.!l,eHl1e 3TI1X nOJIOC CTaHOBI1TC51 nOH51THhIM npH H3yqeHHH u30mepM
aocop6u,uu KpaCHTeJIeM:.

KpaCI1TeJIh, BBe,neHHhIM: B cycneH31110 AgHal, pacnpe,neJI51eTC51 Me:lK.!l,y no-

BepXHocThIO MHKpOKpHCTaJIJIOB AgHal 11 ,nHcneprl1pYIOmeM: cpe,noA TaK, qTO

npH ,naHHoA TeMnepaTYPe (T = const) HaCTYnaeT paBHOBeCl1e Me:lK.!l,y ero a.n-

COp6HpOBaHHbIM H Hea.ncop6HpoBaHHbIM KOJIHqeCTBaMH. 3aBI1CI1MOCTb Me:lK.!l,y

paBHoBecHbIMH KOHueHTPaUH51MH npH T = const onHCbIBaeTC51 u30mepMou
aocop6u,uu. Ha pHC. 88 np"Be,neHbI Hal160JIee xapaKTepHhle M51 Ul1aHI1HOBbIX

KpacHTeJIeA THnbI H30TepM. H30mepMa I xapaKTepHa M51 MHOrHX KpaCHTe-

JIeA. 3To TaK Ha3bIBaeMhIA Tl1n H30TepMbI JIeHrMlOpa. AHaJIl1Tl1qeCKI1 OHa

Bblpa:lKaeTCSI B BH.lI,e:

§5. A.ncop6UID1 ceHcu6HJIU3UpyronntX
KpaCUTeJIeii Ha raJIOreHH,ZJ;aXcepe6pa

m bC
M = 1+ bC' (36)

r,ne m KOJIHqeCTBO KpaCHTeJISl, a.nCOp6HpoBaHHoe onpe,neJIeHHOM: no-

BepXHOCTblO a.ncop6eHTa, M - KOJIl1qeCTBO a.nCOp6l1poBaHHoro KpaCHTeJI51,

COOTBeTCTBYlOmee nOJIHoMy nOKpbITl11O aKTI1BHOM: nOBepXHOCTH a.ncop6eH-

Ta MOHOMOJIeKYJIHpHbIM CJIOeM KpaCHTeJI51, C - KOHueHTPaUI151 cB060,nHoro

(Hea.ncop6HpoBaHHoro) KpaCI1TeJI51 B paBHOBeCI1H C KOJIHqeCTBOM m, b -
KOHCTaHTa. EenH a.nCOp6UI1H CJIe,nyeT ypaBHeHHIO JIeHrMlOpa, TO B KOOp-

He06xo,nHMhIM YCJIOBl1eM <pOTOrpa<pl1qeCKOA aKTI1BHOCTH KpaCHTeJISI 5lB-

JIHeTC51 ero a.ncop6UI151 Ha MI1KpOKpHCTaJIJIax AgHal. Ilpouecc a.ncop6ul1l1

5lBJI51eTCH3K30TepMHqeCKI1M, n03TOMY C nOBbImeHHeM TeMnepaTYPhI KOJIHqe-

CTBO a.nC06l1poBaHHoro KpaCI1TeJI51 YMeHbmaeTC51. Ilpl1 a.nCOp6UHI1 KpaCI1TeJIeM:

Ha AgHal 113 paCTBopa Ha6JIIO,naeTC51 113MeHeHI1e cneKTPaJIhHhIX nOJIOC norno-

meHH51. IloJIoca nOrnOmeHI151 MOHOMepHOM: <pOPMhI KpaCI1TeJI51 (M3,l\c) I1MeeT

6aToxpOMHbIM: c,nBHr MaKcl1MyMa nOrJIOmeHI151 Ha rv 10-80 HM no cpaBHe-

HHIO C nornomeHHeM B pacTBope. )l;aHHhIe MH npoH3Bo,nHhIX 6eH3TI1a30JIa

npHBe,neHbI B Ta6JI.4. BaToxpoMHbllt c,nBHr MOJIeKYJIHpHOM: nOJIOChI 3aBHCHT

OT nOJIHpl13yeMocTH cy6CTPaTa (OT nOKa3aTeJIH npeJIOMJIeHHH) 11n03TOMY B03-

paCTaeT B PMY AgCl, AgBr, AgI. KpoMe TOro, OH 3aBI1CI1T OT nOJISlpH3yeMocTH

MOJIeKYJI KpacHTeJI51, a TaK:lKe OT 3HeprHH cneKTPaJIbHoro nepexo,na. Il03TO-

My C pOCTOM MI1HhI nOJII1MeTHHOBOM: uenl1 KpaCI1TeJIeM:, HanpHMep, B PMY

KpaCI1TeJIeM: <P0PMYJIbI (XVIII), 6aTOxpOMHbIM: c,nBl1r YBeJIHqHBaeTC51 OT 25 HM

MSI THaUHaHHHa (n = 0) ,no 68 HM M51 TI1aTeTPaKap60UHaHHHa (n = 4).

)lJIH 60JIee MHHHhIX KpaCI1TeJIeM: ~A ~ 50 HM.

-a 2,0
::t:
~ 1,5
~I::;-
)1 1,0

o 4 8 12 16 20 24
C, Mr/JI 3MYJlhCHH

PIle. 88. Pll31IHqHhIe THIIhI H30TepM aacop6uHH IlHaHHHOBhIX KpaCHTeJleH Ha AgBr:
I - THIIa H30TepMhI JIeHrMIOpa, II - THIIa H30TepMhI <1>peHH,LlJIHXa,III - C MHO-
roCJIOHHOH aacop6UHeH, IV - c pe3KHM IIepeJlOMOM, YKa3hIBalOIUHM Ha H3MeHeHHe
OpHeHTauHH KpaCHTe.1lSl
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.llHHaTax Clm - C ee H30TepMa JIHHeHHa [52, c.258]. H30TepMa I HMeeT

roPH30HTaJIbHbIH yqacToK, cooTBeTcTByIOIIIHH HaCbIIIIeHHIO nOBepXHOCTH.

H30TepMbI a,llCOp6UHH MHomx UHaHHHOBbIX KpaCHTeJIeH nO'lTH TO'lHO

CJIe.llYIOT THny I, a .llJIH .llpymx Ha6JIIO.llaIOTCH Te HJIH HHble OTKJIOHeHHH.

HanpHMep, H30TepMa Ha'lHHaeTCH He OT HyJIeBOH TO'lKH, T. e. npH HyJIeBOH

paBHOBeCHOH KOHueHTPaUHH KpaCHTeJIH B paCTBope Ha AgHal MO)((eT 6bITb

yxe a,llCOp6HpOBaHO 3Ha'lHTeJIbHOe KOJIH'IeCTBO KpaCHTeJIH. OTCIO.lla CJIe.llyeT,

'ITO 'IaCTb KpaCHTeJIH, KaK npaBHJIO He60JIbIIIaH, MO)((eT 6bITb a,llCOp6HpOBaHa

He06paTHMO. 3T0 CBH3aHO C CYIIIeCTBOBaHHeM Ha nOBepXHOCTH MK AgHal

PAAa .lle<t>eKTHbIX MeCT, KOTopbIe a,llCOp6HPYIOT KpOCHTeJIb CHJIbHee, 'IeM

OCTaJIbHaH nOBepXHOCTb.

H30mepMO II He HMeeT yqacTKa HaCbIIIIeHHH H onHCbIBaeTCH ypaBHeHHeM

Cl>peHH.llJIHxa (H3OTepMa <l>peHH.llJIHxa):

m = kC1
/
n, (37)

me k H n - KOHCTaHTbI. TaKHe H30TepMbI BCTPe'laIOTCH .llJIH HeKOTopbIX

MepoUHaHHHoB [52, c.259].

H30mepMo III YKa3bIBaeT Ha MHOroCJIOHHyIO a,llCOp6UHIO. nepBbIH ropH-

30HTaJIbHbIH yqacToK COOTBeTCTByeT 3anOJIHeHHIO nOBepXHocTH O.llHHM CJIoeM

MOJIeKYJI. 3a HHM Ha'lHHaeTCH .llOBOJIbHO KPYTOH H 06bI'IHO HenpepbIBHbIH

nO.ll1>eM, CBH3aHHbIH C 06pa30BaHHeM HeCKOJIbKHX CJIoeB a,llCOp6HpoBaHHbIx

MOJIeKYJI. B HeKOTopbIX CJIyqaHX Ha6JIIO.llaeTCR BTOpOH fOPH30HTaJIbHbIH yqa-

CTOK, cOOTBeTcTBYIOIIIHH a,llCOp6UHH B.llBOe 60JIbillero KOJIH'IeCTBa KPaCHTe-

JIR, 'IeM npH O.llHOCJIOHHOM nOKPbITHH nOBepXHOCTH AgHal. 3TO YKa3bIBaeT

Ha .llByxCJIOHHYIO a,llCOp6UHIO KPaCHTeJIH.

H30mepMo IV HMeeT pe3KHH nepeJIOM: npH MaJIbIX KOHueHTPaUHRX KPaCH-

TeJIb a,llCOp6HpyeTcH cJIa60, HO, Ha'lHHaH C HeKoTopoH KOHueHTPaUHH KPaCH-

TeJIR, KPHBaH pe3KO nO.llHHMaeTCR BBepx, HanOMHHaH C :nOfO MeCTa H30TepMy

neHfMIOpa. KaK 6Y.lleT nOKa3aHO .llaJIbIIIe, TaKoe H3MeHeHHe H30TepMbI CBR3a-

HO C H3MeHeHHeM opHeHTaUHH MOJIeKYJI KPaCHTeJIR Ha nOBepXHOCTH AgHal,

'ITO COnpOBO)((,llaeTCH nOHBJIeHHeM HOBbIX nOJIOC nOrJIOIIIeHHH.

ECJIH npe.lleJI HaCbIIIIeHHH nOBepXHOCTH AgHal KpaCHTeJIeM, a,llCOp6UHR

KOTOPOro onHCbIBaeTCH H30TepMOH neHrMIOpa (H30TepMa I), COOTBeTcTBy-

eT nOJIHoMy nOKpbITHIO nOBepXHOCTH MOHOCJIOeM, TO MO)((HO BbI'IHCJIHTb

nJIOIIIa,llb MOJIeKYJIbI B TOM CJIyqae, KOf.lla H3BeCTHa nJIOIIIa,llb nOBepXHOCTH.

Ha pHC. 89 npHBe.lleHa npoeKUHH MOJIeKYJIbI 3, 3' -.llH3THJITHaKap60UHaHHHa

Ha nJIOCKOCTb H cyMMapHbIe pa3MepbI (.llJIHHa H IIIHpHHa) MOJIeKYJIbI

[52, c. 260]. lliOIIIa,llb MOJIeKYJIbI 3TOro KpaCHTeJIR, a,llCOp6HpYIOIIIerocR Ha no-

BepXHOCTH nJIOCKOCTbIO, paBHa '" 173 A2. KaK y)((e OTMe'laJIOCb, MOJIeKYJIbI

UHaHHHoB nJIaHapHbI. ECJIH npe.llCTaBHTb ce6e, 'ITO MOJIeKYJIbI opHeHTHpOBaHbI

Ha nOBepXHOCTH AgHal Ha .llJIHHHOM pe6pe nepneH.llHKYJIHpHO nOBepXHOCTH

KOnJIaHapHO .llPYf .llpyry, TO MHHHMaJIbHaH nJIOIIIa,llb, 3aHHMaeMaH a,llCOp6HpO-

BaHHOH MOJIeKYJIOH, paBHa npOH3Be.lleHHIO ee .llJIHHbI ('" 18,6 A) Ha TOJIIIIHHy

reTepOUHKJIH'IeCKoro AApa ('" 3,7 A), T.e. '" 68A2. lliOIIIa,llb, 3aHHMaeMaH

MaJIOBepORTHOH opHeHTaUHeH «KOHUOM~ (.llJIHHHaH OCb MOJIeKYJIbI nepneH.llH-

KYJIRpHa K nOBepXHocTH), paBHa '" 34A2.

~~~~:E=~=E~;~~~.Kv-rS9~A s:;:-<..
JIO BeJIH'IHHy 76A2. Cpe.llHRR nJIOIIIa,llb M. l.N~
.llJIR 1, 1'-.llH3THJI-2, 2'-UHaHHHa Ha AgBr \ r·, :~ I
OKa3aJIaCb TaKXe 6JIH3KOH BeJIH'IHHOH - •

74A2 [52, c.260]. Ha OCHOBaHHH no-

JIyqeHHbIX pe3YJIbTaTOB 6bIJI C.lleJIaH BbI- I. . ·1
BO.ll, 'ITO npH MOHOMOJIeKYJIRpHOM 3anOJI- 18,6A

HeHHH nOBepXHOCTH AgHal UHaHHHOBbIe PIle. 89. npoeKUHJI KllTHOHa 3, 3'-
KPaCHTeJIH .llOJI)((HbI 6bITb opHeHTHpoBa- .IlH9THJlTHaxap60UHaHHHa Ha nnoc-

HbI Ha .llJIHHHOM pe6pe nepneH,llHKYJIRPHO KOCTb [52, c.26O)
K nOBepXHocTH. llOCKOJIbKY .llJIHHa KaTH-

OHa 3 3' -.llH3THJITHaKap60UHaHHHa paBHa '" 18,6 A, a Cpe,IUUUI nJIOIUMb,
, 6A2

3aHRTaH MOJIeKYJIOH: Ha MHKpoKPHCTaJIJIe, paBHa '" 7 , TO Cpe.llHee pacCTO-

HHHe Me)((,lly IGlTHOHaMH KPaCHTeml npH HacbIIUeHHH nOBepXHOCTH B CJIyqae

opHeHTaUHH pe6pOM 6Y.lleT 4,1 A. )].n:R CpaBHeHHJI, BaH,llepB88JlbCOBa TOJIUlHHa

6eH30JIbHoro KOJIbua COCTaBJIJleT OKOJIO 3,7.A.

§7. CneKTPhi norJlOIQeHHJI KpacHTeJleA
B paCTBopax H B a,u;Cop6apOBaBHOM COCTOJUODI

llpe)((,lle, 'IeM nepeHTH K BOnpocy 06 H3MeHeHHJtX B cneK'J'PU a,llCOP-

6HpOBaHHOro Ha AgHal KPaCHTeJIR, paCCMOTPHM TPaHc<t>oPMalUllO cneK1pOB

B 60JIee npocTOH CHCTeMe - B BO.llHOM paCTBOpe KPaCHTeJIJI. llpHMep H3-

MeHeHHJI CneKTPOB nOrJIOIUeHHJI BO.llHblX paCTBOpoB KPaCHTeJIJI C pocTOM HX

KOHueHTPaUHH npHBe.lleH Ha pHC. 90 [52, c. 266]. KPHBaJI nOrJIOIUeHHJI CHJlbHO

pa36aBJIeHHoro pacTBOpa 1, l' -.llH3THJI-2, 2' -UHaHHHXJIOpH.lla (KPHBaJI 1) npaK-

TH'IeCKH nO.ll06Ha KpHBOH: cnHpTOBOfo pacTBopa C OCHOBHbIM MaKcHMyMoM

npH '" 525 HM H n060'lHb1M npH '" 490 HM. TaKoH cneKTP npHnHCblBaIOT

OT.lleJIbHbIM H30JIHPOBaHHbIM MOJIeKYJIaM KPaCHTeJIJI, HaxO.lUlIUHMCJI no.ll BJIH-

RHHeM paCTBOpHTeJIJI, HO He B3aHMO.lleHCTBYIOIUHM Me)((,lly co6oH. llo60'lHbIH

MaKcHMyM H nepem6bI B KOpOTKOBOJIHOBOH: 06JIaCTH cneKTPa npe.llCTaBJIJlIOT

KOJIe6aTeJIbHbIe nOJIOCbI, CBJl3aHHbIe C O,l(HOBpeMeHHblM B036y)((.lleHHeM BeeH

3JIeKTPOHHOH CHCTeMbI, a TaKXe HeKOTOpbIX KOJIe6aHHH OT.lleJIbHbIX aroMoB

B COnpJl)((eHHOH uenH KPaCHTeJIJI. npH nOCTeneHHOM yBeJIH'IeHHH KOHueH-

TPaUHH BO.llHOro paCTBopa Ha6JIIO.llaeTCR nORBJIeHHe HOBOro MaKcHMyMa D,
CMeIIIeHHoro B KOpOTKOBOJIHOBylO CTOPOHY, H O,llHOBpeMeHHoe YMeHbIIIeHHe

MOJIeKYJIRpHOH nOJIOCbI M (KPHBaH 2).
H3MeHeHHR TaKOfO THna Ha6JIIO.llaJIHCb.llJlR MHomx KJIaCCOB KPaCHTeneH,

BKJIIO'IaH UHaHHHbI, MepOUHaHHHbI, TPH<l>eHHJIMeTaHOBbIe, KcaHTeHOBbIe, po-

8*
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Pac.90. 33BHCHMOCTb nornow:eHHJI BO.llHbIX paCTBOpoB 1, 1'-,IlH3THJI-2,2'-
llHaHHHXJIOPH.mlOT MOJUlPHO~KOHlleHTpaIlHH npH 25°C. 1 - 1,3· 10-5 M, 2 -
1,3· 10-3 M, 3 - 7,1 . 10-3 M,4 - 1,4· 10-2 M [52, c.266]

.n;aMHHOBble H .n;p.Iq)aCHTenH. CilHTaeTC$I, qro HOBa$! nonoca COOTBeTCTByeT

.n;HMepaM (D). Bene.n; 3a 06pa30BaHHeM ,llHMepOB npoHcxo.n;HT arperaUH$I 60nee
BblCOKOit CTeneHH, 06ycnaBnHBaIOW;a$! runcoxpoMHoe CMew;eHHe MaKcHMyMa
OT .n;HMepHoit nonOCbl, a TaIOKe ero pacwHpeHHe (Iq)HBa$I 3). 3T0 H3Me-
HeHHe cneKTPa CB$l3b1BaIOTC 06pa30BaHHeM nonHMoneKYn$lpHhIX arperaroB.
3TH arperaTbI Ha3b1BaIOT H-azpezamQMu, a COOTBeTCTBYIOW;HeHM nonocbl
nOrJIOw;eHH$I H-nOAOCQMu.

ITPH KOHueHTPaUH$lX Bblwe TeX, npH KOTOpblX HaqHHaeTC$I H-arperaUH$I,
B cneKTPe nornOw;eHH$I B03HHKaeT HHTeHCHBHa$!, qpe3BhIqaitHo Y3KaR nonoca
nOrJIOw;eHHR, BnepBble onHcaHHa$! B pa60Tax ,IlxennH H llIait6e [52, c.267].
Ee MaKcHMyM npH 573 HM 6aroxpoMHo CMew;eH OTHOCHTenhHO M-nonocbI
(Iq)HBa$! 4). HOBa$l nOJIoca B qeCTh ,IlxennH (Jelly) 6hma Ha3BaHa J-noAocou,
a OTBeqaIOw;ee eit arperHpoBaHHoe COCTORHue J-coCmOJlHUeM. CqUTaeTCR,
qTO J-arperaT, KOTOpoMy cOOTBeTCTByeTJ-nonoca, npe.n;cTaBnReT c060it no-
nUMoneKYnRpHoe 06pa30BaHHe, B KOTOpOM nnOCKHe MoneKYnbl Iq)acHTeJIR
ynaKoBaHhI nnOCKOCTb K nnOCKOCTH. To eCTb cTPYKTYPa J-arperaTa no.n;06Ha
paCCMOTPeHHoit opHeHTauuu MOJIeKYn npH MOHOMOneKYnRpHOM nOIq)blTUU
nOBepXHOCTH AgHal. O.n;HaKo Cpa3Y cne.n;yeT 3aMeTHTh, 'ITO He Bcer.n;a MO-
HOMOneKYJUlpHoe nOIq)blTHe npORBnReTCR B 06pa30BaHHU J-nonOCbI, a cne-
.n;OBaTenbHO, H J-arperaTa. IT03TOMY opueHTaUHR nnOCKOCTh K nnOCKOCTU
RBnReTCR He06xo.n;UMbIM, o.n;HaKO He 06R3aTenbHblM yCJIOBUeM <!>OpMupOBa-
HUR J-arperaTa. KaK MhI nOKIDKeM .n;aJIblIIe, TaKHM ycnoBueM 06pa30BaHUR

J-arperaTOB RBnReTCR onpe.n;eneHHbIit yron H xapaKTep ynaKoBKH nJIOCKHX
MOneKYJI B arperaT. ITPH C06JIIO.n;eHHH3THX ycnoBuA B03HHKaeT 0606meHHa$!
CHCTeMa 1r-3neKTPOHOB B arperaTe, qTO npoRBnReTCR B 6aToxpOMHOM C.n;BH-
re nOJIOCbI nOrJIOw;eHHR H B YMeHblIIeHHH ee WHpHHbI, a CJIe.n;OBaTenbHO,
B YBenHqeHHH HHTeHCHBHOCTH nHKa nOrJIOmeHUR. ITOrJIOmeHHe J-nOJIOCbI
06yCJIOBneHO KoonepaTHBHhIM .n;eAcTBHeM Bcex MOJIeKYJI, 06pa3YIOUJ.HX arpe-
raT, H nOrJIOmeHHa$! 3HepruR .n;eJIOKaJlH30BaHa no BceMy arperaTY. TaKoA
npouecc THnHqeH .D;JIR.n;BH:>KeHHR3KCHTOHa, Kor.n;a B036yx.neHHoe COCTORHHe,
B03HHKaIOw;ee npH nOrJIOmeHHH CBeTa o.n;HoA MoneKYnoA B nnOTHO ynaKo-
BaHHOM arperaTe, nepeHocuTcR OT MOJIeKYnhI K MoneKYne 3a BpeMR, MeHbwee,
qeM nepHo.n; KOJIe6aHU$I MoneKYJI Iq)acHTeJIR.

B BO.n;HOMpacTBope J-arperaT COCTOHTH3 MHorHX MOJIeKYJI (OT .n;eCRTKa
.n;o cOTeH). COrJIaCHO paCqeTaM no Mepe npHcoe.n;HHeHUR .n;onOJIHHTeJIbHbIX
MOneKYJI K J-arperaTY nOrJIOw;eHHe HeCKonhKO CMew;aeTC$IB .D;JIHHHOBOJIHOBYIO

06JIaCTb.
ArperaUHR Iq)acHTeneA cyw.eCTBeHHO 06JIerqaeTCR Ha noaepXHOCTH MH-

Iq)OIq)HCTannOB AgHal. Y:>KeOTMeqaJIOCh, qTO cneKTPbI nOrJIOUJ.eHHR MaJIbIX
KOJIH'IeCTB UHaHHHOBblX Iq)aCHTeJIeit, a.n;COp6HpOBaHHbIX Ha AgHal, Bocnpo-
H3BO.D;RTHX MOneKYnRpHyIO nonocy B cnUPTOBOM paCTBOpe, HO C6aroxpoMHhIM
C.n;BHroM, BenHqHHa KOTOPOro onpe.n;enReTC$I nOKa3aTeneM npeJIOMJIeHH$I a.n;-
cop6eHTa H CTPQeHHeM Iq)aCHTenR. ITPH OqeHb MaJIbIX KOJIHqeCTBax a.n;COp6H-
pOBaHHhIX Iq)acHTeJIeA nOJIO:>KeHHeMOJIeKYJIRpHoro MaKcHMyMa nOrJIOmeHHR
He 3aBHCHT OT KOHueHTPaUHH, HO C yBenH'IeHHeM ee Ha6JIIO.n;aeTCR c.n;BHr
M-nOJIOChI .n;o'" 10 HM B .D;JIHHHOBOnHOBYIOCropoHy 6e3 H3MeHeHH$I <!>OpMbI,
qTO CBH.D;eTenhCTByeT0 HaJIHqHH Me:>KMOneKYnRpHOrOB3aHMo.n;eAcTBH$I, npH
KOTOPOM B OCHOBHOM coxpaH$leTCR npHpo.n;a MoneKYJI$lpHoro nornOmeHHR.
3Ta nonoca 0603HaqaeTc$I KaK H3MeHeHHa$! MoneKYAAPHa$! HJIH B-noAoca,
xapaKTepH3yIOW;a$! B-COCmOJlHUe Iq)aCHTeJIR [52, c. 269].

ITPH 60nee BblCOKHX KOHueHTPaUHRx a.n;COp6HpoBaHHoro Iq)aCHTenR Ha-
qHHaeTCR arperaUHR, H ero cneKTP Ha MHIq)OIq)HCTannax AgHal H3MeH$leTCR
60JIbme, qeM B BO.n;HOMpaCTBOpe, BKJIIOqa$! 06pa30BaHHe H-, J- H Pa3JIH'I-
HbIX .n;pyrux nOnHMOJIeKYJIRpHbIX nonoc. ArperaUHR Ha nOBepXHocTH AgHal
06bI'IHO Ha'IHHaeTCR npH 60JIee HH3KHX KOHueHTPaUHRx, qeM B paCTBope,
H MHorue Iq)aCHTeJIH, 06pa3yIOmHe J-arperaTbI B 3MynbcHH, He 06Pa3YIOT HX
B BO.n;HbIXpacTBopax • .6aToxpOMHbIA c.n;BHr MaKcHMyMa nOrJIOmeHH$I J-DOJIOC
OTHOCHTeJIbHOM -nOJIOCbI MO:>KeT.n;OCTHraTb80-100 HM. TaKoe yCHJIeHHe arpe-
raUUH (KaTaJIH3) oco6eHHo cBoAcTBeHHO Iq)acHTeJIRM, HMeIOW;HM OTKJIOHeHHR
OT nJIOCKOCTHOACTPYKTYPbIH3-3a CTepH'IeCKHX 3aTPy.n;HeHHA, HanpHMep 1, 1',
3, 3'-TeTPaMeTHJI-2, 2'-UHaHuHAo.n;H.n;y (XIX).
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PaC. 91. CncKTpIlI O'!'PUCCHHJI 1, 1',3, 3'-TeTpaMeTHJI-2, 2'-UHaHHHAoJUfJU\ B cnoe, lI,Zl-
cop6HPOBaHHOM H8 AgBr: 1 - KOHucHTp8UHJIHIDKe TO'iKH nepenoMa Ha H30TepMe
lI,ZlCop6UHH, 2 - KOHueHTp8UHJI BhlWe TO'iKH nepenOMa (no BecTY H K3Ppony)
(18, c.334)

.llmt Hero HaMIO,naeTCH H30TCpMa IV (pHc.88). CneKTpbI lUlcop6HpoBaHHO-

ro Iq>aCHTeJlH HJUKe H BbIwe TO'IKH nepeJlOMa Ha H30TCpMe 3Ha'lHTeJlbHO

pa3JIH'IalOTCH (pHc.91). ComacHo pHCYHKY npH 3anOJlHeHHH nOBCpXHOCTH

MHIq>OIq>HCTlUIJIOB AgBr, COOTBeTCTBYIOllleM HIDKHeR '1aCTH H30TCPMbI (,D;One-

peJlOMa), 06pa3yeTCH M-nOJloca C MaKCHMyMOM OKOJIO 550 HM. Kor,D;a xe

H30TCpMa nepeXO,D;HT TO'IKY nepeJlOMa, B cneKTPC nomOllleHHH nOHBJlHeTCH

nOJloca C MaKcHMYMoM OKOJlO 570 HM, COOTBeTCTBYlOlllHM J-noJloce. Ta-

KHM 06pa30M, nOCJle TO'lKH nepeJlOMa H30TCpMbI MOJleKYJlbI 06'bC,D;HHHIOTCH

B J-arperaTbI • .llo TO'IKH nepeJlOMa MOJleKYJlbI lUlcop6HPYIOTCH nnOCKOCTbIO

(nnawMH), O,D;HaKO npH YBeJlH'IeHHH nOBepXHOCTHOn KOHueHTPaUHH Iq>aCHTe-

JIH OHH BCTaIOT Ha pe6po, 06pa3YH CTPyKTYPbI J-arperaToB, B KOTOPbIX 3a C'IeT

1r-1r-B3aHMO,D;eRcTBHH COCe,D;HHX MOJleKYJI nOHBJlHeTCH ,D;OnOJlHHTeJlbHaH 3Hep-

rHSl CBSl3H. Cne,D;yeT ellle Pa3 OTMeTHTb, '1TO opHeHTaUHSl MOJleKYJI Ha pe6pe

npH YBeJlH'IeHHH KOHueHTPaUHH KpaCHTeJlH He BCer,D;a conpOBOXOlaeTCH 06pa-

30BaHHeM J-arperaTOB, a HHOr,D;a COnpOBOX<ll8eTCSl JlHWb He3Ha'lHTeJlbHbIM

6aToxpoMHbIM CMellleHHeM M-nOJlOCbI H nOHBJ1eHHeM B-nOJlOCbI.

CKJlOHHOCTb KpacHTeJlen K J-arperaUHH 3aBHCHT OT MHornx <!laKTOpoB,

B TOM 'iHCJle OT CTpOeHHH Iq>aCHTeJlSl. HanpHMep, CTepH'IeCKH He3aTPY,D;HeH-

Hbln aHaJIOr Iq>aCHTeJlH XIX ., .'-,D;H3THJI-2, 2'-UHaHHHXJlOpH,D; (XV), HMelO-

IllHR nnocKoe CTpOeHHe, 06pa3yeT J-arperaTbI B 3MYJlbCHH npH BeCbMa HH3KHX

KOHueHTPaUHHX. 3T0 HJlJlIOCTPHpyeT pHC. 92.
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PHc.92. CneKTpblOTproKeHHJI 1, l' -,llH3THJI-2, 2' -UHaHHHXJlOpH,lla B )I(enaTHHOBOH ,llHC-
nepCHH AgBr npH H3MeHCHHH KOHueHTpaUHH KpaCHTeIDI B HeCKOJlbKO pa3. IlYHKTHp-
HasI KpHBasI OTHOCHTCll:K pa36aBJIeHHOMY BOllHO-)I(enaTHHOBOMY pacTBopy KpaCHTeIDI
[1, c.242}

§8. ArperaU;IDI KpaCHTeJleu: CB.H3LMe}K,l:Q'
arperaU;Heu H CTpoeUHeM KpaCHTeJleU

CKJlOHHOCTb K J-arperaUHH npOSlBJISlIOT, KaK npaBHJlO, MOHOMeTHH-

H TPHMeTHHUHaHHHbl, T. e. Iq>aCHTeJIH C KopOTKon BHeWHen nOJIHMeTHHOBon

uenblO. Pexe Ha6JIIO,D;aeTCSl J-arperaUHSl Cpe,1J.H neHTaMeTHHUHaHHHOB (,D;H-

Kap60UHaHHHoB) [52, c. 270] • .llH- H TPHKap60UHaHHHbI 06Pa3YIOT Ha AgHal

06bI'IHO H-, a He J-arperaTbI. 3TO, npeXOle Bcero, CBSl3aHO KaK C nnoc-

KOCTHOCTblO MOJIeKYJI Iq>aCHTeJIen, TaK H C B03MOXHOCThlO CYllleCTBOBaHHSl

UHC-, TPaHC-H30MepOB, KOJIH'IeCTBO KOTOpblX YBeJIHqHBaeTCSl C YMHHeHHeM

nOJlHMeTHHOBon uenH. J-arperaT npe,D;CTaBJISleT c060n ynOpHJlOqeHHYIO 0606-

meHHYIO 1r-CHCTeMY H3 e,D;HH006pa3Ho nOCTPoeHHblX CTPYKTYPHblX e.1lHHHU -

MOJleKYJI. Il03ToMY BCSlKoe OTKJIOHeHHe OT e,D;HH006pa3HSl B CTPYKTYPHhlX 3J1e-

MeHTax, B '1aCTHOCTH, 3a CqeT UHC-TPaHC-H30MepHH, 3aTPY.1lHHeT <!lopMHpoBa-



HHe arperaTOB. HarrpHMep, TOJIbKO )I(eCTKOe 3aKperrJIeHHe uerrH C rroMOIUblO
rrOJIHMeTHJIeHOBbIX MOCTHKOB THrra

B MOJIeKYJIaX THaTPHKap6oUHaHHHOB, rrpemITCTBYIOIUee UHC-TPaHC-H30MepH-

3aUHH, rr03BOJIHeT Ha6JIIOL\aTb J-arperaUHIO KpaCHTeJIeH co CTOJIb L\J1HHHOH

rrOJIHMeTHHOBOH uerrblO B paCTBOpaX.

.113BecTHo, qTO"B CJIyqae THa- H CeJIeHaKap6oUHaHHHOB BBeL\eHHe 3THJIb-

HOlf HJIH MeTHJIbHOH rpyrrrr B Me30-rrOJIO)l(eHHe uerrH Crroc06cTByeT J-arpera-

UHH. 3To TaK)l(e CBH3bIBalOT C rrpeHMYIUeCTBeHHbIM CYIUeCTBOBaHHeM KPaCHTe-

JIeH B N, N'-UHC-COCTOHHHH (MOHO-UHC-H30Mep). TeHL\eHUHH K J-arperaUHH

rrpq:rH rrOJIHOCTblO OTCYTCTByeT Y KpaCHTeJIeH, COL\ep)l(aIUHX MOHOUHKJIHqeCKHe

MIla, HarrpHMep, THa30JI1IHa HJIH rrHpHL\HHa H yCHJIHBaeTCH y rrpOH3BOL\HbIX

6eH3THa30JIa, 6eH30KCa30JIa, 6eH3CeJIeHa30JIa, XHHOJIHHa H, oco6eHHO, 6eH3H-

MHL\a30JIa. CKJIOHHOCTb K 06pa30BaHHIO 3THX COCTOHHHH BeCbMa 06JIerqaeTCH

BBeL\eHHeM L\OrrOJIHHTeJIbHbIX 6eH30rpyrrrr, KaK HaupHMep, y rrpOH3BOL\HbIX

Ha<l>ToTHa30JIa. TaKHM 06pa30M, crroco6HOCTb K J-arperaUHH YBeJIHqHBaeTCH

B CJ,IeL\YIOIUeM PMY reTepOUHKJIOB:

TaKoe BJIHHHHe CTPoeHHH KPaCHTeJIeH Ha arperaUHIO, BepOHTHO, OTP~-

eT YBeJIHqeHHe BKJIa.na Me:lKMOJIeKYJIHpHoro B3aHMOL\eHCTBHH 1f-3JIeKTPOHOB

C pOCTOM qHCJIa 6eH30HL\HbIX KOJIeu [52, c.270]. J-arperaUHH crroc06cTByeT

3aMeHa aJIKHJIbHbIX rpyrrrr y aTOMOB a30Ta reTepOUHKJIOB Ha KHCJIOTHbIe rpyrr-

rrbI - CYJIb<l>OaJIKHJIbHbIe HJIH Kap6oKCHJIbHbIe. TaKHe KPaCHTeJIH 6eTaHHOBOH

CTPYKTYPbI C cyMMapHbIM 0TPHuaTeJIbHbIM 3apMOM, KaK rrpaBHJIO, paCTBO-

pHMbIe B BOL\HbIX paCTBopax, JIerqe 06pa3YlOT yrroPMOqeHHbIe CTPYKTYPbI

J -arperaTOB.

CqHTaeTCH, qTO CYIUeCTBeHHbIe pa3JIHqHH KPaCHTeJIeH 6JIH3KOro CTPoeHHH

B rrpoueccax J- H H-arperaUHH orrpeL\eJIHIOTCH He60JIbIIIHMH rrpOCTPaHCTBeH-

HbIMH H3MeHeHHHMH B MOJIeKYJIax, H3MeHHIOIUHMH HX CKJIOHHOCTb K TaKOH

B3aHMHOH opHeHTaUHH, rrpH KOTOpOH B03HHKaeT Me)I(MOJIeKYJIHpHoe B3aH-

MOL\eHCTBHe, rrpHBOL\SlIUee K rrOHBJIeHHIO JIH60 J-, JIH60 H-arperaTOB. llo-

BHL\HMOMY, J-arperaTbI rrpeL\CTaBJIHIOT C060H 60JIee yrroPMOqeHHbIe CTPYK-

TYPbI, rr03TOMY CTPYKTYPHbIe Tpe60BaHHH K J-arperHPYlOIUHMCH KPaCHTeJIHM

60nee :>KeCTKHe, qeM K H-arpempYIOIUHMCH. XapaKTepHO, qTO HeKOTOpbIe

KPaCHTenH MOryr 06Pa30BbIBaTb 60nee qeM rro OL\HOH J- H H-rronoce. Ha-

rrpHMep, 5, 5'-L\HXJIOp-3, 3' ,9-TPH3THnTHaKap60UHaHHH Ha HeKOTophIx AgHal-

3MynbCHJIX MO:>KeT 06pa30BbIBaTb L\Be J-rronocbI C Amax = 638 H 655 HM

[52, c.270], qTO rrO-BHL\HMOMY, orrpeL\emleTCH pa3JIHqHbIM rrpocTPaHCTBeH-

HbIM cTPoeHHeM 2-x J-arperaToB.

,ll.nH MHorHX THrrHqHbIX uHaHHHOB YMeHbIlleHHe CBo6oL\HOH 3HepmH npH

arpempoBaHHH AGarp cpaBHHTenbHo HeBenHKO (5-7 KKaJI/Monb). ll03TOMy

HeYL\HBHTenbHo, qTO He60nbiliHe H3MeHeHHH B CHCTeMe, B KOTOpOH npoHc-

XOL\HT arperaUHSI, 33MeTHO BJIHSlIOT Ha paBHOBeCHe rrpouecca arpempOBaHHJI.

ArperaUHSI KPaCHTeJIeH B cYIUeCTBeHHOH CTerreHH 3aBHCHT OT orpaHKH MHKpo-

KPHCTanJIOB AgHal. llO-BHL\HMOMY, 3TO orrpeL\enSieTCH KaK pa3JIHqHeM Me:>KH-

OHHbIX paCCTOJlHHH Ha Pa3JIHqHbIX rrnOCKOCTJIX MHKpOKPHCTanJIOB H 06I.UHM

3apSlJlOM nOBepXHOCTH, TaK H ,lle<l>eKTHOCTbIO rrOBepXHOCTH AgHal. TaK, HanpH-

Mep, OKTa3,llpHqeCKaJI nOBepXHocTb (111) MHKPOKPHCTanJIOB AgBr CYlUeCTBeH-

HO 60JIee L\e<l>eKTHa, qeM KY6HqeCKaJI (100). llOCKOJIbKY arperauHSI, nO-BH,llH-

MOMy, HaqHHaeTCSI Ha ,lle<l>eKTax rrOBepXHOCTH, TO OHa L\OJI:>KHa6bITb 06nerqeHa

Ha nOBepXHOCTH (1 q). llpH 06bNHO Hcrronb3yeMoM 3HaqeHHH pBr = 3,0, T. e.

npH H36bITKe HOHOB Br-, rrOBepXHOCTb (Ill) rrpeHMYlUeCTBeHHO COCTOHT

H3 HOHOB Br- , T. e. HeceT 60nbiliHit 0TPHuaTeJIbHbIH 3apM, qeM rro:oepXHOCTb

(100). TaK KaK MOneKYna KPaCHTenSi caMa 3apJl)l(eHa, TO 3apMoBoe COCTOJlHHe

rrOBepXHOCTH MHKPOKPHCTanJIa TaK)l(e CHJIbHO BJIHHeT Ha arperaUHIO.

llpOHJInIOCTPHPyeM BJIHSlHHe or-

paHKH MHKPOKPHCTanJIOB AgBr Ha J-

arperaUHIO. HarrpHMep, MaKCHMYM

J-rrOJIOCbI 1, 1'-L\H3THJI-2, 2' -UHaHH-

Ha B AgBr-3MynbcHH C KY6HqeCKH- ~ 60
MH MHKPoKPHCTanJIaMH HaxO,llHTCH •

rrpH 575 HM, a C OKTa3,llpHqeCKH- ~

MH - rrpH 571 HM. OqeBHL\HO, J- ~ 40
arperaUHH HaqHHaeTCH Ha H:3JlOMax E
CTyrreHeil:, BepIIIHHax, pe6pax H L\PY- ~

mx L\e<l>eKTax rroBepXHocTH, qHCJIO 20
KOTOpbIX 33BHCHT OT HHL\eKCa rro-

BepXHocTH, HO B L\airbHeHilleM rrpo-

L\o~aeTCH

Ha OTHOCHTenbHO rrpaBHJIbHbIX rro-

BepX;HOCTHX. Oc06eHHo HarnMHO

BJIHHHHe orpaHKH MHKPOKPHCTanJIOB
AgHal rrpOHBJIHeTCH Ha npHMepe 9- PRc.93. Cl1eKTpbI OTpIDKeHHR 3,3' -JU{-

MeTHJITHaKap60UHaHHHoB, qTO HJI- 3THlI-9-MeTHJITHaKap6ouHaHHHa B 3MYJIb-
JIlOcTPHPyeTCSI pHc.93. lf3 pHc.93 CHH C J<Y6lfqeCKHMH (1) H OKTIl3.llPH'ICCKH-

C 6 6
MH (2) MHKpOKpHCTaJIJIaMH AgBr [1, c. 248]

ne,llyeT, qTO 0 pa30BaHHe onee

L\J1HHHOBOJIHOBbIX J-arperaTOB 06JIerqaeTCH Ha OKTa3L\pHqeCKHX MHKPOKPH-

CTaJIJIax AgBr.

500
>., HM



CymeCTBeHHOe BJIHHHHe Ha arperaUHIO OKa3bIBaeT raJIOreHH,UHbIR CO-

CTaB cy6C'rpaTa, KaK npaBHJ10, J-arperaUHH J1ertIe npOHCXO,UHT Ha AgBr,

qeM Ha AgCl MHKpOKpHCTaJlJ1ax. YBeJ1HqeHHe CO,Uep)lGlHHH HO,UH,U-HOHOB

B AgBr(I)-3MYJIbCHHX ,UO onpe,UeneHHOrO 3HaqeHHH ('" 3-6 MOJ1.%) cno-

c06CTByeT J-arperaUHH pMa KpaCHTeJIeR. CornacHo [58), ,U06aBJIeHHe HO-

,UH,U-HOHOB K AgBr-3MYJ1bCHH C KY6HqeCKHMH MHKpOKpHCTaJIJ1aMH npHBO,UHT

K 06pa30BaHHIO Ha BepuIHHax H pe6pax MHKpOKpHCTaJIJ10B HO,UH,Ua cepe6pa,

Ha KOTOPOM 06JIertIaeTcH J-arperaUHH. ECTeCTBeHHO, qTO Ha J-arperaUHIO

OKa3blBaeT BJIHHHHe KOHuellTpaUHH HOHOB Ag+ H Hal- B <l>oTorpa<l>HqeCKOR

3MYJ1bCHH. llpH H36bITKe Ag+ a,UCOp6UHH H J-arperaUHH KaTHOHHbIX UHa-

HHHOB YMeHbwaeTCH. OnTHMaJlbHOR ,UJIH a,UCOp6UHH H arperaUHH no,U06HbIX

KpaCHTeJ1eR Ha AgBr HBJIHeTCH BeJ1HqHHa pBr ~ 3. llpOqHO a,UCOp6HpOBaH-

HhIe UHaHHHhI HeqYBCTBHTeJ1bHbI K H3MeHeHHIO KOHueHTPaUHH HOHOB Br-

B npe,UeJ1ax pBr = 2-5, O,UHaKO a,UCOp6UHH HeKOTopbIX KaTHOHHbIX UHaHHHOB

Ha AgBr CHJ1bHO YMeHbwaeTCH C pOCTOM KOHueHTPaUHH Br- BhIwe onTH-

MaJlbHOro 3HaqeHHH pBr [1, c.244], qTO 06yCJIOBJIeHO KOHKYPeHUHeR HOHOB

peweTKH H KaTHOHOB KpaCHTeJ1eR 3a MeCTa a,UCOp6UHH. ,UmI HeKOTopbIX BbI-

COKOOCHOBHbIX UHaHHHOB H ,UJIH MepOUHaHHHOB YBeJ1HqeHHe KOHueHTPaUHH

HOHOB Ag+ B onpe,UeJ1eHHbIX npe,UeJIax cnoc06cTByeT a,UCOp6UHH, KaK npaBH-

J10, B M-COCTOHHHH, 3a CqeT 06pa30BaHHH KOMllJ1eKCOB C Ag+. J-arperaUHH

cnoc06cTByeT BBe,UeHHe B AgHal-3MYJIbCHIO po,UaHH,U (NCS-) H UHaHH,U

(CN-)-HOHOB, a TaIOKe pMa OpraHHqeCKHX BemeCTB, HanpHMep, 6HC-qeTBep-

THqHbIX COJ1eR a30Tco,Uep)l(amHX reTepOUHKJIHqeCKHX OCHOBaHHR (XHHOJ1HHa,

6eH3HMH,Ua30J1a H ,Up.) 06meR <l>0pMYJIbI

r,Ue n ;;:2, X- - aHHOH [59]. llpHCYTCTBHe H20, nO-BH,UHMoMy, He06-

XO,UHMO ,UJIH J-arperaUHH. HanpHMep, 3,3' -,UHMeTHJ1-9-3THJ1THaKap60UHaHHH

a,UCop6HpyeTcH Ha AgHal H3 cnHpToBoro paCTBopa B M -<l>opMe H TOJIbKO

B npHCYTCTBHH BO,UbI nOHBJIHeTCH J-nOJ1oca. llpe,UnOJIaraeTCH, qTO OT,UeJ1b-

HbIe MOJIeKYJIbI KpaCHTeJIH B J-arperaTe CTPYKTYPHO coe,UHHeHbI MOJIeKYJIaMH

H20 [52, c.271]. ECJIH no npe,Un0J10)l(eHHIO IIIennap,Ua MOJIeKYJIbI BO,UbI

06pa3YlOT MOCTHKH, 06eCneQHBalOmHe CTPYKTYPo06pa30BaHHe B arperaTax,

TO y,UaJleHHe BO,UbI npH BaKYYMHpOBaHHH MO)l(eT BbI3BaTb pa3pyweHHe CTPyK-

TYPbI arperaTOB HJ1H C,UBHr B CTOpOHy MeJIKHX arperaTOB, QTO Ha6J1IO,UaJlOCb

Ha npHMepe 5, 5'-,UHXJIOp-3, 3' ,9-TPH3THJ1THaKap60UHaHHHa [2, c.401]. llo-

CJIe BaKYYMHpOBaHHH J-n0J10ca KpaCHTeJ1H, a,UCOp6HpoBaHHoro Ha 3epHax

JIHnnMaHOBCKOR 3MYJIbCHH, YMeHbWaJIaCb no HHTeHCHBHOCTH, O,UHaKO nOCJIe

nOBTopHoro HanyCKa KOMHaTHoro B03,Uyxa, co,Uep)lGlmero H20, HHTeHCHB-

HOCTb J-n0J10CbI BHOBb B03paCTaJla.

KaKOBa cTPyKTYPa arperaToB, 06pa3ylOmHxcH Ha nOBepxHocTH AgHal.;

H B QeM pa3JIHQHe Me)I(,Uy J- H H-arperaTaMH o,UHoro H TOro )I(e KpacHTeJ1H.

Ha OCHOBaHHH peHTreHocTPYKTYPHbIX H paCQeTHbIX ,UaHHbIX ,UJIH arperaToB

KpaCHTeJIeR c,UeJIaH 06mHR BbIBO,U, QTO HaH60J1ee Ba)I(HbIM ,UJIHcneKTPaJlbHbIX

CBORCTB arperaToB SlBJISleTCSlCTPYKTYPHbIR napaMeTP - yroJ1 ynaKoBKH MOJIe-

KYJ1 B arperaTe (1, c. 225; 60]. ,nnH HarnSl,UHOCTH arperaT MO)l(HO npe,UcTaBHTb

B BH,Ue K0J10,UbI KapT. YroJI C,UBHra KapT B «pacnymeHHoR» KOJIo,Ue H eCTb TOT

caMbIR yrOJ1 ynaKoBKH, onpe,UeJIHlOmHR cneKTPaJlbHoe nornomeHHe arpera-

Ta. CTPYKTYPHbIR napaMeTP a npe,UCTaBJIHeT C060R yroJ1 Me)I(,Uy )I)lHHHbIMH

OCHMH MOJ1eKYJI KpaCHTeJ1eR H OCblO, coe,UHHHlOmeR 3KBHBaJleHTHbIe aTOMbI

coce,UHHX KaTHOHOB KpaCHTeJIeR, HJ1H OCblO arperaTa (pHc.94). B cOOTBe~-

CTBHH C paCQeTHbIMH ,UaHHbIMH H-arperaTaM COOTBeTcTByeT yroJ1 a = 60 ,

a J-arperaTaM 60J1ee OCTPbIe yrJIbI a = 30° H a = 19°. llpH 3TOM QeM MeHbwe

yroJ1 a, TeM CHJ1bHee 6aToxpoMHo CMemeHa nOJ1oca nOrJ10meHHH J-arperaTa.

~I N-"'V'V"N/' ~N/
I/''/

~N N-"'V'V"N N-"'V'V"N
la=60· ~-..,~=30· ~~=19·

N~N NC~lV--_N
- I /'

" I>' ;i60. , ,,~~. ~'~= = ~~_~~__30 c::::==:J r:==--"I= .
H-arperaT J-arperaTbI

PRe.94. CXeMaTHlJecKoe H306pIDKeHHe CTPYKTYP H- H J-arperaToB UHaHHHOBbIX
KpaCHTeJIeil:; a - yrOJI ynaKoBKH arperaTa [60; 1, c. 225]

B HaCTOHmee BpeMSl HaH60JIee 060CHOBaHa ,UByMepHaH cTPyKTypa KyHa

,UJIH J-arperaToB, TaK Ha3bIBaeMaSl cTPyKTYPa «KHpnHQHOR KJIa,UKH» C yrnoM

ynaKoBKH 19° (pHC. 95, a). PaClJeTbI no MeTO,UY MO nOKa3hIBaIOT, QTO,UJIH no-

SlBJIeHHH J-nOJIOCbI nornomeHHH B CTPyKTYPe «KHpnHQHOR KJIa,UKH» TPe6yeTcH

BCero 3...:5 MOJIeKYJ1 ceHCH6HJIH3aTOpa [1, c.250].

He06xo,UHMO OTMeTHTb, QTO HeKoTopble KpacHTeJ1H, HanpHMep, y)l(e yno-

MHHaBWHeCH Me30-MeTHJ13aMemeHHble THaKap60UHaHHHbI, npH arperaUHH

06pa3ylOT ,UBORHble n0J10CbI nornomeHHH - O,UHH H3 nHKOB norn~meHHH

npH 3TOM rHncoxpoMHO CMemeH OTHOCHTeJIbHO M-nOJIOCbI, a ,UpyroH, npH-

MepHO paBHoR HHTeHCHBHOCTH, CMemeH 6aToxpoMHO (pHc.93). ,nnH TaKHX

arperaTOB paccMaTPHBaeTcSl CTPyKTYPa THna «ceJ1e,UOQHOR KOCTH» (pHC. 95,6).



PRe.95. CrpYKTYPa J-arperaTa nma «KMPIlMqHOH KJIa,LlKM»(a) M TMIla «ceJIe'uOqHOH
KOCTH» (6). CxeMa pacIIlenneHIDI ypoBHeH B ,UMMepHbIX <pparMeHTax arperaTa (6)

B TaKHX arperaTax OCHOBHhIM CTpYKTYPHbIM 3JIeMeHTOM SlBJISleTCSI,nHMep Kpa-

CHTeJISl, KOTOPhIH MHoroKpaTHo nOBTopSleTCSI (TpaHCJIHpyeTCSI). BJIaro,napSl

paCmellJIeHHIO ypOBHeH KpaCHTeJISI B ,nHMepe (no ):(aBhmOBY) B03HHKaIOT ,nBa

cneKTpaJIhHhlX nepexo,na (pHc.95, 6), COOTHOllIeHHe HHTeHCHBHOCTeH KOTO-

PhlX onpeAeJISleTCSI yrJIaMH a HJIH {3. ):(lISI YfJIa {3 = 90° HHTeHCHBHOCTH AByx

nepexoAoB paSHh!.

B HacroJlIIIee BpeMSI npHHSlTO CqHTaTh, qTO B J-arperaThI, 06pa3YIOIIIH-

eCJI Ha nOBepXHOCTH peaJIhHhIX MHKpOKpHCTaJIJIOB AgHal-3MyJIhCHH, BXOAHT

He60JIhllIoe KOJIHqeCTBO MOJIeKYJI KpaCHTeJIeH, B cpeAHeM OT 4-x ,no 10,
B 3aBHCHMOCTH OT THna KpaCHTeJISI [I, c.224, 250; 60]. B paCTBopax MOryr

06pa30BhlBaThCJI 60JIee KpynHhle arperaTh!. Ha pHC. 96 npHBe,neHa MHKpO<l:>O-

rorpa<l:>HSI JIIOMHHeCUHpYIOIIIHX J-arperaToB oKcaKap60uHaHHHa Ha peaJIhHOM

KY6HqeCKOM MHKpOKpHCTaJIJIe AgBr pa3MepoM 1 MKM [61]. 113 pHcyHKa

CJIeAyeT, qTO npH npaKTHqeCKH npHMeHSleMhIX KOHueHTpaUHSlX KpaCHTeJISI

J-arperaThI npeHMYIIIecTBeHHo BhITSlHYThI B O,nHOM HanpaBJIeHHH H HeBeJIHKH

no pa3MepaM. BOJIee npoTIDKeHHhle J-arperaThl KpaCHTeJISI 6hlJIH 06Hap}')KeHhI

MaCKaCKH [62] Ha KpynHhIX MHKpOKpHCTaJIJIaX AgBr H AgCl.

):(lISI nOHHMaHHSI a.nCOp6UMOHHhlX npoueCCOB OqeHh BaJKHO 3HaTh, 3a CqeT

KaKHX CHJI npOHcxo,nHT npHTRlKeHMe MOJIeKYJI MJIH HOHOB KpaCHTeJIeH K no-

BepXHOCTH AgHal H MOJIeKYJI ,npyr K ,npyry llpH <l:>opMHpoBaHHH arperaTOB

KpaCHTeJIeH. llepBOHaqaJIhHO IlOJIaraJIH, qTO a.nCOp6UHSI onpe,neJISleTCSI TOJIh-

KO JIHllIh 3JIeKTpOCTaTHqeCKHM npHTSI)I(eHHeM nOJIO)l(HTeJIhHhlX HOHOB UHa-

HHHOB K nOBepXHOCTH AgHal, HecYllleH B 06hIqHhIX YCJIOBHSlX H36hITKao Hal-

OTpHuaTeJIhHhIH 3apSI,n. 3JIeKTpOcTaTHqeCKHe npe,nCTaBJIeHHSI 06 a.nCOp6UHH

XOpOllIO 06'hSlCHSlIOT na.neHHe a.ncop6uJ.I:H KaTHOHOB KpaCHTeJIeH no Mepe

YMeHhllIeHHSI oTpHuaTeJIhHOrO 3apSI,na nOBepXHOCTH AgHal C YMeHhllIeHHeM

KOHueHTpaUHH Hal- H C pOCTOM KOHueHTpaUHH Ag+. O,nHaKo a.nCOp6UHSI

HMeeT Mecro H B TOqKe HyJIeBOrO 3apSI,na AgHal. B HaCTOSllllee BpeMSI 60JIh-

llIHHCTBO HCCJIe,noBaTeJIeH npH3HaIOT, qTO 3JIeKTpOCTaTHqeCKOe npHTSI)I(eHHe

1 MKM

Poc.96. MRKpo<POTorpa<pIDI JIIOMRHeCURRpYJOIIlRX J-arperaToB oKcaKap6oUHaHRHa
Ha KY6RqeCKOM MRKpOKpRCTaJIJIe AgBr pa3MepOM 1 MKM [61]

XOTSI H HrpaeT 3aMeTHYIO POJIh cpe,nH CHJI, 06YCJIaBJIHBaIOIUHx a,nCOp6UHIO,

HO He SlBJISleTCSIOCHOBHOH npHqHHOH ee. OCHOBHyIO POJIh B a,nCOp6UHH, no-

BH,lJ;HMOMY, HrpaIOT BaH,nepBaaJIhCOBhl CHJIhI, B03HHKaIOlllHe 6JIaro,napJl B3a-

HMo,neI1cTBHIO 1f-3JIeKTpOHOB 1f-COnpIDKeHHoI1 CHCTeMhl UHaHHHOB. TaK KaK

B Bau.nepBaaJIhCOBOM B3aHMo,neI1cTBHH KpaCHTeJISI C cy6CTpaTOM yqacTByIOT

Bce aTOMhl 1f-CHCTeMhl, TO H30JIHpOBaHHhle MOJIeKYJIhl, 06yCJIaBJIHBaIOIUHe

M-noJIocy nOfJIOIUeHHSI, ,nOJI)I(Hhl JIe)l(aTh Ha nOBepXHOCTH nJIOCKOCThIO. llpH

YBeJIHqeHHH KOHueHTpaUHH a.nCOp6HpOBaHHhIX MOJIeKYJI HaqHHaeT }')Ke npo-

SlBJISlThCSIBaH,nepBaaJIhCOBO B3aHMo,neI1cTBHe Me)l(,lJ;y MOJIeKYJIaMH KpaCHTeJISI

Ha nOBepXHOCTH. 3TO npHBo,nHT K arperaUHH KpaCHTeJIeH H K nOSlBJIeHHIO

H- H J-nOJIOC nOfJIOllleHHSI. llPH 3TOM 1f-1f-B3aHMo,neHCTBHe Me)l(,lJ;y napaJI-

JIeJIhHblMR nJlOCKHMH MOJIeKYJIaMH KpaCHTeJIeH xapaKTepH3yeTcSI 3HepmeH,

60JIbllIeI1, qeM He06xo,nHMO MSI H3MeHeHHSI opHeHTaUHH MOJIeKYJI H3 nOJIO)l(e-

HHSI «nJIOCKOCThIO» B nOJIO)l(eHHe «pe6pOM». ):(lISI KpaCHTeJIeH nepBOHaqaJIhHO

a.nCOp6HpOBaHHblX B BH,ne MOHOMepOB, a 3aTeM no Mepe arperaUHH, yqacT-

BYIOlllHX B KoonepaTHBHOH a.nCOp6UHH, Ha6JIIO,naeTCSI YBeJIHqeHHe TellJIOThI



a,nCOp6UHH (.no 2-x Pa3) 3a C'IeT BKJIa,na Me)KMOJIeKYJUlpHoro B3aHMO.neHCTBHSI.

,UJISI J-arperaUHH OHO MO)KeT .nOCTHraTh 7 KKaJI/MOJIb [1, c.253; 58]. IIOJIO-

)KeHHe aHHOHOB KPaCHTeJISI B a,nCOp6UHOHHOM CJIoe KaTHOHHbIX UHaHHHOB

H3BeCTHO HeTO'IHO. IIpe.nnoJIaraeTCSI, 'ITO 60JIbIlIHHCTBO aHHOHOB HrpaeT POJIb

npOTHBOHOHOB C BHeIlIHeH CTOpOHbI a,nCOp6UHOHHOro CJIOSI [52, c.264].

TennOTbI a,nCOp6UHH KPaCHTeJIeH KOJIe6JIIOTCSI OT 5-12 KKaJI/ MOJIb. IIpH

a,nCOp6UHH 'IaCTb 3HeprHH 3aTPa'IHBaeTCSI Ha BblTeCHeHHe C nOBepXHOCTH

AgHaI )KeJIaTHHbI H HOHOB, n03ToMY npHBe.neHHble 3Ha'IeHHSI OTHOCSlTCSI K Ka-

)KymeHcSl3HepmH a,nCOp6UHH. I1CTHHHaSI 3HepmSl CBSl3H KpaCHTeJIeH C AgHaI,

nO-BH.lI;HMOMY, 60JIbIlIe. TennOTa a,nCOp6UHH 3aBHCHT OT nOBepXHOCTHOH KOH-

ueHTPaUHH KPaCHTeJIeH H, KaK npaBHJIO, 60JIbIlIe npH MaJIbIX KOHueHTPaUHSlX

KPaCHTeJIeH B M-COCTOSlHHH, T. e. npH a,nCOp6UHH Ha .nect>eKTaX nOBepXHO-

CTH. TennOTbI a,nCop6UHH HennaHapHbIx KPaCHTeJIeH cymeCTBeHHO MeHbIlIe,

'IeM nnaHapHblx. HanpHMep, TennOTa a,nCOp6UHH np0'lHO a,nCop6HPYIOmerocSi

1, l' -.D:H3THJI-2, 2'-UHaHHHa Ha MHKPOKPHCTaJIJIax 06bI'IHbIX ct>OTorpact>H'IeC-

KHX 3MyJIbCHH, co.nep~HX 5 % )KeJIaTHHbI, COCTaBJISIeT '" 12 KKaJI/MOJIb

(MSI nepBbIX nopUHH KPaCHTeJISI), a MSI HennaHapHoro aHaJIora - 1,1',3,3'-

TeTPaMeTHJI-2, 2'-UHaHHHHo.nH.ll;a B TeX)Ke YCJIOBHSlX TenJIOTa a,nCOp6UHH Bcero

'" 7 KKaJI/MOJIb.

XOTSI cneKTPaJIbHO ceHCH6HJIH3HPYIOT JIHIlIb a,nCOp6HpOBaHHbIe KPaCHTe-

JIH, o.nHaKO npocToH 3aBHCHMOCTH Me)J()l;Y a,nCop6HpyeMOCThIO H 3ct>ct>eKTHB-

HOCTbIO CneKTPaJIbHOH CeHCH6HJIH3aUHH He HaH.n;eHO. II03TOMY a,nCOp6UHSI

SlBJISleTCSIJIHIlIb He06xo.nHMbIM, HO He.nOCTaTO'IHbIM yCJIOBHeM CneKTPaJIbHOH

CeHCH6HJIH3aUHH H BbtCOK03ct>ct>eKTHBHbIe KPaCHTeJIH, KaK npaBHJIO, XOpOlliO

a,nCOp6HPYIOTCSI Ha AgHal. B TO )Ke BpeMSI 3ct>ct>eKTHBHOCTb CneKTPaJIbHOH

ceHCH6HJIH3aUHH B He MeHbIlIeH CTeneHH onpe.neJISlIOT H .npyrHe ct>aKTOpbI,

BJIHSlIOmHe Ha caM npouecc CneKTPaJIbHOH ceHCH6HJIH3aUHH. 3TH BonpOCbI

SlBJISlIOTCSInpe.nMeTOM CJIe.nYIOmero pa3.neJIa KHHm.

§ 11. 34>4>eKTHBHOCTb
cneKTpanbHOH CeHCH6RnH3aUHH

3ct>ct>eKTHBHOCTb CneKTPaJIbHOH CeHCH6HJIH3aUHH, C03.naBaeMoH a,ncop-

6HpOBaHHbIM Ha MHKPOKpHCTaJIJIaX AgHaI KpaCHTeJIeM (Kp), B 3Ha'IHTeJIb-

HOH Mepe onpe.neJISleTCSI CTPoeHHeM cneKTPaJIbHOrO CeHCH6HJIH3aTOpa, arpe-

raUHOHHbIM ero COCTOSlHHeM Ha nOBepXHOCTH MHKpOKpHCTaJIJIa, COCTaBOM

H orpaHKOH MHKPOKPHCTaJIJIOB AgHal, THnOM XHMH'IeCKOH ceHCH6HJIH3aUHH,

npHCYTCTBHeM B ct>OTorpact>H'IeCKOH 3MYJIbCHH pa3JIH'IHbIX HeOpraHH'IeCKHX

H OpraHH'IeCKHX coe.nHHeHHH H .npymMH ct>aKTOpaMH. ,UJISI xapaKTepHCTH-

KH 3ct>ct>eKTHBHOCTH CneKTPaJIbHOH ceHCH6HJIH3aUHH BBe.neH KpHTepHH -

OmHOCUmeAbHblU 1C80Hm06blU 8blXOO CneKTPaJIbHOH ceHCH6HJIH3aUHH I{Jr' CYTb

KPHTepHSI COCTOHT B cpaBHeHHH ct>OTorpact>H'IeCKOH 3ct>ct>eKTHBHOCTH KBaHTOB

CBen, nOrJIOmaeMbIX KPaCHTeJIeM (<<KPaCHbIX») H pellieTKOH AgHaI (<<CHHHX»).

nAgHal
I{Jr = --, (38)

nKp

r.ne nAgHal H nKp - 'IHCJIO nOrJIOmeHHbIX KBaHTOB (ct>OTOHOB) raJIOreHH.nOM

cepe6pa H KPaCHTeJIeM, COOTBeTCTBeHHO, He06xo.nHMbIX MSI nOJIyqeHHSI O.nH-

HaKOBoro 'IHCJIa npOSlBJISIeMbIX 3epeH Ha e.nHHHUY nJIOma,nH 3MYJIbCHOHHOro

CJIOSI. <POTOH, nOrJIOmeHHbIH a,nCOp6HpoBaHHbIM KpaCHTeJIeM, MO)KeT BbI-

3BaTb TaKOH )Ke ct>OTorpact>H'IeCKHH 3ct>ct>eKT, KaK nOrJIOmeHHbIH raJIOreHH.nOM

cepe6pa, o.nHaKO He 60JIbIlIHH. KaK npaBHJIO nKp > nAgHal, a I{Jr < 1,0. OTHO-

CHTeJIbHbIH KBaHTOBbIH BbIXO.n CneKTPaJIbHOH ceHCH6HJIH3aUHH onpe.neJISleTCSI

KBaHTOBbIM BbIXO.nOM nepBH'IHOro ct>OTonpouecca nepe.na'IH 3HepmH ct>OTO-

B036y)J()l;eHHSI OT Kp· K AgHaI - I{JceHCH KBaHTOBbIM BbIXO.nOM BTOPH'IHbIX

TeMHOBbIX npoueccoB, npHBOMmHX K 06pa30BaHHIO CKpbIToro H306pa)J(e-
HHSI - I{JCH.

I{Jr = I{JceHC• I{JCH' (39)

C'IHTaeTCSI, 'ITO I{Jr B 3Ha'IHTe- e S\ --e-S\ 1\:ST\JIbHOH Mepe onpe.neJISleTCSI KBaHTO- I I
BbIM BbIXO.nOM nepBH'IHoro aKTa cne- I

KTPaJIbHOH CeHCH6HJIH3aUHH I{JceHc, hllKp : hll~ hll hll I

KOTOPbIH JIHMHTHpOBaH KOHKYPeHT- 1/ I hllcl>occl>

HbIMH npoueccaMH: ct>JIyopecUeHUH- Kp I /~

eH ct>OTOB036y)J()l;eHHoro KPaCHTeJISI j , J
(ct>JI), Kor.na Kp· H3 ct>OToB036y)J()l;eH- e'-' So So So
HOro COCTOSlHHSI 81 B03BpamaeTCSI a 6 6

B HCXO.nHoe COCTOSlHHe So C HcnyCKa- PHc.97. CxeMa .llerpanawlH !pOTOB036y-
HHeM KBaHTa CBeTa (pHC 97, 0), Tep- x,n:eHHbIX COCTOHHHH KpaCHTeJIH. So _
MH'IeCKOH 6e3H3JIyqaTeJIbHOH .ne3aK- OCHOBHoe COCTOHHHe, S\ - !pOTOB036y-
THBaUHeH B036y)J()l;eHHoH MOJIeKYJIbI x,n:eHHoe CHHrJIeTHoe COCTOHHHe KpaCHTe-

KPaCHTeJISI 3a C'IeT BHYTPeHHeH KOH- JIH, T - TpHIIJIeTHOe COCTOHHHeKpaCHTeJIH

BepCHH (BH. KOHB) , Kor.na 3HepmSl B036y)J()l;eHHSI nepexo.nHT B TennoByIO

3HepmIO (pHc.97, 6) H nepexo.nOM B TPHnJIeTHble COCTOSlHHSI (TP, SI -+ T,

pHc.97, 8). IIepexo.n T ~ So MO)KeT COnpOBO)J()l;aTbCSI ct>occt>opecueHUHeH

(hvcllOCcll)' CyMMa KBaHTOBbIX BbIXO.nOB CeHCH6HJIH3aUHH H BCeX KOHKYPHpyIO-
mHX npOueCCOB paBHa 1,0.

I{JceHC+ I{JcIlJl+ I{JBH.KOHB+ I{Jrp = 1,0. (40)

KaaHTOBbIH BbIXO.n cneKTPaJIbHOH ceHCH6HJIH3aUHH I{JceHc onpe.neJISleTCSI co-

OTHOIlIeHHeM CKOpOCTeH Bcex ynoMSlHYTbIX npoueCCOB B BH.ne:

kceHc [
I{JceHc= --------- 2, c. 387]. (41)

kcllJl + krp + kBH.KOHB+ kceHc

KBaHTOBbIH BbIXO.n ct>OTonpouecca B 06JIaCTH nOrJIOIlIeHHSI AgHaII{JAgHal MO)KeT

6bITb 6JIH30K K e.nHHHue [1, c.1I5]. II03ToMY, eCJIH npHHSlTb, 'ITO OTHOCH-

TeJ1bHbIH KBaHTOBbIH BbIXO.n CneKTPaJIbHOH ceHCH6HJ1H3aUHH onpe.neJISleTCSI



TOnbKO 34>ct>eKTHBHOCTbIOnepBH'IHoro aKTa, TO

- !PceHc ~ 10CPr - '" " T. e. onpe,ll;emleTCH 3Ha'leHHeM !PceHC'
!PAgHa!

KaK npaBHnO, ,D;nH3ct>ct>eKTHBHbIXceHCH6HnH3aTOpOB, a,D;COp6HPOBaHHbIX
Ha AgHal, npH KOMHaTHOH TeMnepaTYPe nIOMHHeClleHIIHH He Ha6nIO,lI;aeT-
CH, T. e. !PcjlJl ~ O. IIepexo,ll; ct>OTOB036y)K)leHHbIX KPaCHTeneH B TPHnneTHoe
COCTOHHHe ,D;nHTHnH'IHbIX ceHCH6Hmt:3HPYlOIIIHX KPaCHTeneH npaKTH'IeCKH
He HMeet 3HaQeHHH, T. e. !PTP ~ 0 [2, c.387]. M, HaKoHell, ,D;nH :>KeCT-
KHX CTPYKTYP IIHaHHHOB B a,D;COp6HpoBaHHoM COCTOHHHH MO:>KHOnpHHHTb
!PBH.KOHB ~ O. Cne,ll;OBaTenbHO, 3ct>ct>eKTHBHOCTbCneKTPaJIbHOH CeHCH6HnH-
3aIIHH AgHal KPacHTenHMH B OCHOBHOM ,lI;On:>KHaonpe,ll;enHTbCH KBaHTOBbIM
BbIXO,ll;OMCneKTPaJIbHOH ceHCH6HnH3aIlHH !PceHc' OT 'Iero ,lI;On:>KHa3aBHCeTb
BenHqHHa !PceHC? MHbIMH cnOBaMH, 'ITO onpe,ll;enHeT 3ct>ct>eKTHBHOCTbnepe,ll;a'lH
3HepmH ct>OTOB036y)K)leHHH KPacHTenH K raJIOreHH,lI;y cepe6pa, H60 B KOHe'l-
HOM c'Iere CKPbIToe H306paxeHHe 06pa3yeTcH Ha AgHal? 3,l1;eCbMbI no.nxO,ll;HM
K BOnpocy 0 MexaHH3Me nepBH'IHoro aKTa CneKTPaJIbHOH CeHCH6HnH3aIlHH.

§ 12. OCHOBHlde Mo,n;eJIH
CneKTpaJIbHOH ceHCH6uH3aUHH:
nepeHOCOM 3JIeKTPOHOB
OT 4l0ToB036YQeHHoro KpaCHTeJUI K AgHal
H pe30HaHCHbUW nepeHOCOM
3Hepruu B036YQeHIDI
OT KpaCHTeJUI K raJIOreHH,ny cepe6pa

OCHOBHOH np06neMOH, KOTOPaH B03HHKaeT npH CneKTPaJIbHOH ceHCH6H-
nH3aIlHH WHPOK030HHbIX nonynpOBO,ll;HHKOB, B TOM 'IHCne raJIOreHH,lI;OBcepe6-
pa, OpraHH'IeCKHMH KPaCHTenHMH HBnHeTCH np06neMa «,lI;ect>HIIHTa. 3HepmH.
TeopHH CneKTPaJIbHOH CeHCH6HnH3allHH ,lI;On:>KHa,npe:>K,ll;eBcero, 06'bHCHHTb,
KaKHM 06pa30M ct>OTOH MeHbilleH 3HepmH, nornomaeMbIH CneKTPaJIbHbIM
CeHCH6HnH3aTOpOM, npOH3BO,ll;HT TaKoe :>Kect>OTorpact>H'IecKoe ,lI;eACTBHe, KaK
KBaHT 60nbweA 3HepmH, nornOIIIaeMbIH peweTKoA AgHal? HanpHMep, WH-
pHHa 3anpemeHHoj;!: 30HbI AgBr paBHHeTCH 2,6 3B (rpaHHlla nornOIIIeHHH
'" 500 HM), O,ll;HaKOCneKTPaJIbHaH CeHCH6HnH3allHH KpacHTenHMH Ha6nIO,lI;a-
eTCH BO BCeM BH,lI;HMOM H B MK-,lI;Hana30He cneKTPa, T. e. no,ll; ,lI;eACTBHeM
KBaHTOB CBeTa C MeHbweH 3HepmeH, npH6mt:3HrenbHO OT 2,0 ,lI;O 1,0 3B.
B nHrepaTYPe paccMaTPHBaIOTCH ,lI;Ba OCHOBHbIX MexaHH3Ma CneKTPaJIbHOH
CeHCH6HnH3aIlHH: 1) MexaHH3M nepeHoca ct>OT03neKTPOHoB OT B036YJK,lXeHHoH
CBeTOM MoneKYnbI KpacHTenH (Kp*) Ha raJIOreHH,lI; cepe6pa H 2) MexaHH3M
pe30HaHCHoro nepeHoca 3HeprHH B036y)K)leHHH KPaCHTenH K AgHal [1, c. 286].

B nepBOM cnyqae Kp* 06MeHHBaeTCH ct>oT03neKTPOHaMH C AgHal, BO BTOpOM
3neKTPOHaMH He 06MeHHBaeTCH, a 06MeHHBaeTCH nHillb 3HeprHeH.

MexaHH3M 3neKTPOHHoro nepeHoca B npOllecce CneKTPaJIbHOH ceHCH6H-
nH3allHH B paMKaX 30HHOH MO,ll;enH AgHal paCCMOTPenH B 1938 ro,ll;y P. fepHH
H H. MOTT [37]. Ha pHc.98, anpHBe,ll;eHa cxeMa npOllecca. CornaCHO fepHH
H MOTTY, ct>OT03neKTPOH C ct>OTOB036y)K)leHHoro ypOBHH KPaCHTenH eHB ne-
peXO,ll;HT B 30Hy npOBO,ll;HMOCTH AgHal, T. e. KaK H npH nornOIIIeHHH CBeTa
raJIOreHH,lI;OM cepe6pa. IIocne nepeHoca 3neKTPOHa OT Kp* K AgHal 06pa-

3yeTcH KaTHOH-pa,D;HKan KPaCHTenH Kpt C He3anonHeHHbIM 3neKTPOHHbIM
ypOBHeM eB3 (,lI;bIPKa KPaCHTenH). CXeMam'leCKH npOllecc cneKTPaJIbHOH ceH-
cH6HnH3allHH MO:>KHO3anHcaTb:

Kp + hllKp -+ Kp*

Kp* + [AgHal] -+ Kpt + [AgHatr

[AgHatr +Agt -+ [AgHal/ Ago]

(42)
(43)

(44)

B 3TOH cxeMe CTa,D;HH(44) COOTBeTCTByeT06pa30BaHHIO CKPbIToro ct>oTorpa-
ct>H'IeCKoro H306paxeHHH npH peKoM6HHallHH 3axBa'leHHoro Ha nOBywKe ct>o-
T03neKTPOHa C Me)Ky3enbHbIM HOHOM cepe6pa. TaKHM 06pa30M, no pe3ynbTaTY
cneKTPaJIbHaH CeHCH6HnH3allHH aHaJIOm'lHa HenOCpe,ll;CTBeHHOMy nornOIIIe-
HHIO CBeTa AgHal, 3a HCKnIO'IeHHeM TOro, 'ITO B 3TOM cnyqae 06pa3yeTcH
,lI;pyraH ,lI;bIpKa - ,lI;bIpKa KPaCHTenH.

B3
AgHal

PRe. 98. CxeMa rrpou;eCCOB CrreKTpaIlbHOH ceHcH6IUlH3aU;HH rro MexaHH3MY rrepeHoca
3JIeKTpOHa (0, 6, z) H 3Hepnm B036y)K,lleHHH (6): 0 - rrepeHOC 3JIeKTpOHa B 30Hy
rrpOBOiUlMOCTH, 6 - 2-x ~TYIIeHqaTbIH rrepeHOC 3JIeKTpOHa B 30Hy rrpOBO,llHMOCTH, z -
HIDKeKllHH ,llbIpKH R3 Kp B BaJleHTHyID 30Hy AgHal

M3BeCTHO, 'ITO npH CneKTPaJIbHOH ceHCH6HnH3allHH PH.llOM KpaCHTeneH
B KpHCTaJIJIax raJIOreHH,lI;a cepe6pa nOHBnHIOTCH 3JIeKTPOHbI npOBO,ll;HMOCTHTaK
)l(e, KaK H npH nornOIIIeHHH H3JIyqeHHH AgHal [I, c.277]. II03TOMY B paMKaX
MexaHH3Ma nepeHoca ct>oT03JIeKTPoHa OT Kp* K AgHal He06xo,ll;HMbIM ycno-
BHeM Crr('KTPaJIbHOH ceHcH6HnH3allHH HBnHeTCH npeBbIIlleHHe ypOBHH eHB



KpaCHTeml HaD. J],HOM 30HbI npOBOJ],HMOCTH HJIH, B KPaHHeM CJIyqae, 6JIH-

30CTb 3THX ypoBHeH (pHc.98, a). TaIGUI 3HepreTHqeCIGUI CHTYaUHR, OJ],HaKO,

He RBJIReTCR o6lUeH. B pRJJ.e pa60T nOKa3aHO [1, c. 279; 51), qTO cneKTPaJIbHaR

ceHCH6HJIH3aUHR npOHCXOJ],HT H Tor)J.a, Kor)J.a ypOBeHb <pOTOB036Y)l(J],eHHoro

KpaCHTeJIR HaxOJ],HTCR noJ], 30HOH npOBOJ],HMOCTH AgHal. n03TOMY B 60-x rr.

A. H. TepeHHHbIM H 11. A. AKHMOBbIM B CCCP [63] H f. K,yHOM H ,l],. Me6HycoM

B fepMaHHH [64] pa3pa60TaHa J],pyraR <pH3HqeCKaR KOHuenUHR CneKTPaJIbHOH

CeHCH6HJIH3aUHH, OCHOBaHHaR Ha pe30HaHCHOM nepeHoce 3HeprnH B036y-

)l(J],eHHR. COrJIaCHO 3TOMy MexaHH3MY, nornOlUeHHaR KpaCHTeJIeM CBeTOBaR

3HeprnR paCXO)J.yeTcR Ha oCB060)l(J],eHHe 3JIeKTPOHa, HaxoMlUerocR Ha JIO-

KaJIbHOM ypOBHe B 3anpelUeHHoH 30He AgHal. KaK 3TO yCJIOBHO nOKa3aHO

Ha pHC. 98, 6, aKT ceHCH6HJIH3aUHH MO:lKeT OCYlUeCTBJIRTbCR nYTeM nepe)J.aqH

3HeprnH <pOToB036y)1(J],eHHR OT J],OHopa-KPaCHTeJIR Ha aKUenTopHbIH ypo-

BeHb B 3anpelUeHHoH 30He AgHal no pe30HaHcHoMy MexaHH3MY <l>epcTepa,

B pe3YJIbTaTe qero npOHCXO)J.HT nepexo)J. 3JIeKTPOHa C 3TOro ypOBHR B 30Hy

npOBOJ],HMOCTH. npH TaKOM MexaHH3Me B3aHMHoe pacnOJIO:lKeHHe ypoBHeH

KPaCHTeJIR H 30H AgHal CTaHOBHTClI yxe HeCYlUeCTBeHHbIM. B pRJJ.e 3KcnepH-

MeHTOB, nOCJIYX<HBIlIHX OCHOBaHHeM J],JIR 3TOro MexaHH3Ma, 6bIJIO nOKa3aHO,

qTO cneKTPaJIbHYIO CeHCH6HJIH3aUHIO AgHal MO:lKHO OCYlUeCTBHTb C nOMOlUbIO

KPaCHTeJIeii:, OTJ],eJIeHHbIX OT nOBepXHOCTH AgHal H30JIHPYIOlUHMH CJIORMH,

COCTORIUHMH, HanpHMep, H3 MOHOCJIoeB :lKHPHbIX KHCJIOT [63; 64]. B 3THX

yCJIOBHID: npRMoit nepeHOC <pOT03JIeKTPOHOB OT Kp· K AgHal MaJIO BepORTeH

H3-3a yJ],aJIeHHOCTH Kp· OT AgHal.

,l],OJIroe BpeMR J],Ba YKa3aHHbIX nO)J.XoJ],a K nepBHqHoMy aKTY CneKTPaJIbHOH

CeHCH6HJIH3aUHH COCYlUeCTBOBaJIH J],pyr C J],pyroM, XOTR Me)l(J],y nOCJIe)J.OBaTe-

JIRMH MexaHH3Ma nepeHoca 3HeprnH H nepeHoca 3JIeKTPOHOB BeJIaCb HHTeH-

CHBHaR HayqHaR J],HCKYCCHR [51]. I1TOr cnopy 6bIJI nOJ],BeJ],eH B pa60Te [65),

HeKOTopbIe H3 aBTopoB KOTOpOH paHee npHiJ.ep:lKHBaJIHCb KOHuenUHH nepeHO-

ca 3HeprnH <pOTOB036Y)l(J],eHHR. B 3TOH pa60Te C)J.eJIaH qeTKHH BbIBOJ], 0 TOM,

qTO cneKTPaJIbHaR ceHCH6HJIH3aUHR peaJIbHbIX <pOTorpa<pHqeCKHX 3MYJIbCHH

onpeJ],eJIReTCR nepeHOCOM 3JIeKTPOHOB OT Kp· K AgHal, a BKJIaD. nepeHoca

3HeprHH He npeBbIlliaeT HeCKOJIbKHX npoueHTOB.

,l],nR 06'bRCHeHHR MexaHH3Ma CneKTPaJIbHOH ceHCH6HJIH3aUHH B paMKax

nepeHoca 3JIeKTPOHOB KPaCHTeJIRMH, <pOTOB036y)1(J],eHHbIe ypOBHH KOTOPbIX

JIeX<aT HH:lKe J],Ha 30HbI npOBOJ],HMOCTH AgBr, npHBJIeKaIOT )J.BYXCTYneHHbIH

MexaHH3M 3JIeKTPOHHoro nepeHoca - CHaqaJIa Ha 3JIeKTPOHOaKUenTopHbIe

ypOBHH noJ], 30HOH npOBO)J.HMOCTH C nOCJIeJ],YIOIUHM TepMHqeCKHM B036y)1(J],e-

HHeM 3JIeKTPOHOB C 3THX ypOBHeH B 30Hy npOBOJ],HMOCTH (pHc.98, 8).

§ 13. C6Jl3b MeJICoy 3rPrPeKmu6HocmbIO ceHcu6UJlU3a/.{uu U nOAOJICeHUeMYPo8Heu 139

§ 13. CBB3b Me}K,lQ' 3«}l«}leKTHBHOCTblO
cneKTpa~bHon ceHCH6~H3anHH
H nO~O)KeHHeM 3~eKTpOHHbIX
ypOBHen KpaCHTe~en

B paMKaX MexaHH3Ma nepeHoca 3JIeKTPOHOB onpe)J.eJIRIOIUHM <l>aKTOpoM

3<1><peKTHBHOCTH cneKTPaJIbHOH ceHCH6HJIH3aUHH RBJIReTCR 3HepreTHqeCKHit,

T. e. B3aHMHoe pacnOJIO:lKeHHe B036y)1(J],eHHbIX YPOBHeH cneKTPaJIbHoro ceHCH-

6HJIH3aTOpa H 30HbI npOBO)J.HMOCTH raJIOreHH)J.a cepe6pa. n03TOMY COBepllIeH-

HO eCTeCTBeHHbIM 6bIJIO CTPeMJIeHHe HCCJIe)J.OBaTeJIeit COOTHeCTH 3JIeKTPOH-

HbIe ypOBHH (cHB H cB3) KpaCHTeJIeH C 3JIeKTPOHHbIMH 30HaMH AgHal. 3'rOMY

nOCBRlUeHbI MHoroqHCJIeHHbIe HCCJIe)J.OBaHHH, BbITIOJIHeHHbIe B 60-80-e ro-

J],bI 3. ,l],3He, T. TaHH, C. KHKytlH, M. TaMypoH, X. Xanoii:, n. fHJIbMaHOM,

P. HeJIbCOHOM, T. ,l],X<eHMcoM, ,l],.llITYPMepoM, 11. ne6HepoM H J],p. [CM. 0630-

pbI 1, c.282; 54; 2, C. 388; 66-68].
Onpe)J.eJIeHHe nOJIO:lKeHHR 3JIeKTPOHHbIX ypoBHeH KPaCHTeJIeit, aD.COp6H-

pOBaHHbIX Ha AgHal, B a6COJIIOTHOH IlIKaJIe nOTeHUHaJIOB npeJ],CTaBJIjleT co6oit

J],OBOJIbHO CJIO:lKHYIO 3aD.aqy. CYlUecTBYIOT KaK 3KcnepHMeHTaJIbHbIe MeTOJ],bI

onpe)J.eJIeHHR, TaK H paCqeTHbIe KBaHToBO-XHMHqeCKHe. HH:lKHHit BaKaHTHbIH

ypOBeHb KPaCHTeJIR CHB MO:lKeT 6bITb oxapaKTepH30BaH CP0)J.CTBOM KPaCHTeJIR

K 3JIeKTPOHy E3JJ,c, a BepxHHH 3anOJIHeHHbIH CB3 nOTeHUHaJIOM HOHH3aUHH

KPaCHTeJIR 13JJ,c' nOnbITKH onpeJ],eJIeHHR BeJIHqHH E3JJ,c H 13)J.c npeJ],npHHH-

MaJIHCb Heo)J.HoKpaTHo [1, c.282), O)J.HaKO H3-3a TPyJ],HOCTeH, B03HHKaIOlUHX

npH HHTepnpeTaUHH 3KcnepHMeHTaJIbHbIX pe3yJIbTaTOB, B HaCTOHlUee Bpe-

MR 0)J.H03HaqHOe onpeJ],eJIeHHe ypoBHeii CHB H CB3 KPaCHTeJIeH 3aTPYJJ.HeHo.

MO:lKeT 6bITb yCTaHOBJIeH JIHllIb HeKOTopbIH HHTepBaJI H3MeHeHHR nOTeH-

UHaJIOB aD.COp6HpoBaHHbIx KPaCHTeJIeH, IlIHpHHa KoToporo MO:lKeT J],ocmraTb

HeCKOJIbKHX )J.eCRTbIX )J.OJIeH 3B ()J.o 0,6 3B).
3HepremQeCKHe ypOBHH KPaCHTeJIeH MOryr 6b1Tb paCCqHTaHbI pa3JIHq-

HbIMH KBaHTOBo-XHMHqeCKHMH MeTO)J.aMH. nepBbIe CHCTeMaTHqeCKHe pa60TbI

B 3TOM HanpaBJIeHHH 6bIJIH BbITIOJIHeHbI TaHH H KHKytlH [54]. npHMeHRR

nOJIy3MnHpHqeCKHH MeTO)J. MOJIeKYJIRpHbIX Op6HTaJIeH B npH6JIH:lKeHHH XIOK-

KeJIR (MOX), OHH BbIQHCJIHJIH J],JIR60JIbllIOrO qHCJIa UHaHHHOBbIX KpaCHTeJIeH

3HeprHH HH311IHX BaKaHTHbIX Op6HTaJIeH CHB, H 3HeprHH BbICIlIHX 3anOJIHeH-

HbIX Op6HTaJIeH CB3. B MeTO)J.e MOX 3HeprnH BbIPaX<aIOTCR qepe3 c06cTBeHHbIe

3HaqeHHH faMHJIbTOHHaHa, TaK Ha3bIBaeMbIe KOpHH BeKOBoro ypaBHeHHR Xi:
ci = a - Xi . f3, (45)

r)J.e a - KYJIOHOBCKHH HHTerpaJI 2p-op6HTaJIH aTOMa yrnep0)J.a, f3 - 06-

MeHHbIH HHTerpaJI coce)J.HHX aTOMOB ymepO)J.a B apOMaTHqeCKHX yrJIeBoJ],opo-

)J.ax [53].

CHB = a..,... XHB . f3,
CB3 = a - XB3 . f3.

(46)
(47)



,LLnHcHB BeJIHqHHa XHB nOJIO)l(HTeJIbHaH (pa3pbIXJIHIOIUaH MO),,lI)IH cB3 BeJIH-

qHHa XB3 OTpHuaTeJIbHaH (CBH3bIBaIOIUaH MO). 3HepmH 6billH BbIqHCJIeHbI

KaK ,lI)IH MOJIeKYJI B ra3006pa3HOM COCTOHHHH, TaK H ,lI)IH a,nCOp6HpOBaHHbIX

Ha 3MYJIbCHOHHbIX MHKpOKPHCTaJIJIax AgBr (C~B H c~~). BeJIHqHHbI 3Hep-

mA CRMBH c~~, BbIpaxeHHbIe B 3B OTHOCHTeJIbHO HyJIeBoro ypOBHH - 3HepmH

3JIeKTPOHa B BaKYYMe, 6billH COnOCTaBJIeHbI C nOJIO)l(eHHeM il.Ha 30HbI npOBO-

il.HMOCTH AgBr (- 3,5 3B) H C BepxHeA rpaHHueA BaJIeHTHOA 30HbI (-6,0 3B)

npH KOMHaTHoA TeMnepaType. Ha pHC. 99 npHBeil.eHbI il.HarpaMMbI ypoBHeA

,lI)IH THanOJIHKap60UHaHHHoB CTPoeHHH (XVIII) [54]. Y)I(e OTMeqaJIOCb, qTO

C y,ll)lHHeHHeM nOJIHMeTHHOBoA uenH ypOBHH cHB ymy6JIHIOTCH H 3TO B co-

maCHH C 3KcnepHMeHTaJIbHbIMH il.aHHbIMH conpOBO)J{)],aeTCH YMeHbllIeHHeM

3<p<peKTHBHOCTH CneKTPaJIbHOA ceHCH6HJIH3aUHH. HanpHMep, no il.aHHbIM

BeCTa [69] OTHOCHTeJIbHbIA KBaHTOBbIA BbIXOil. CneKTPaJIbHOA ceHCH6HJIH3a-

UHH npH nepeXOil.e OT THaKap60UHaHHHa (n = 1) K THa,nHKap60UHaHHHY

(n = 2) YMeHbllIaeTCH OT l(Jr = 0,27 il.0 l(Jr = 0,02. YMeHbllIeHHe 3<p<peKTHBHO-

CTH CneKTPaJIbHOA ceHCH6HJIH3aUHH no Mepe ymy6JIeHHH ypOBHH cHB 6billO

yCTaHOBJIeHO B pHil.e pa6OT, HanpHMep, B [70]. Ha pHC. 100 npHBeil.eHa 3aBH-

CHMOCTb CneKTPaJIbHOA qYBCTBHTeJIbHOCTH AgBr(I)-3MYJIbCHH (Ig S>., OTH. eil..)

OT BeJIHqHH CHB, BbIpaxeHHblX B eil.HHHuax pe30HaHcHoro HHTerpaJIa f3 [70].
Ha pHC. 100 qeTKO npocne)I(HBaeTCH YMeHbllIeHHe 3<p<peKTHBHOCTH cneKTPaJIb-

HoA CeHCH6HJIH3aUHH C ymy6JIeHHeM ypOBHH CHB. He06xoil.HMO oTMeTHTb,

qTO KBaHTOBO-XHMHqeCKHe nOJIy3MnHpHqeCKHe MeTOil.bI paCqeTa HBJIHIOTCH

O::~tJJ
I n I

n = 1 <;Hs X- <;Hs
n=2

CF - - - - - - - - - -

-_._. __ ._._._._._._. - E
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-00- -00-

Pac.99. )J:HarpaMMa 3HepreTH'leCIGlX ypoBHeil: THaUHaHHHOBblX KpaCHTeJIeil: CTpoeHHH
(XVIII) H <peHoca<ppaHHHa (<I>C) no .llaHHhlM TaHH [54)

JIHllIb npH6JIH)I(eHHbIMH, XOTH OHH npaBHJIbHO nepeil.aIOT TeHil.eHUHH B H3Me-

HeHHH BeJIHqHH cHB H cB3 KpaCHTeJIeA. Oil.HaKO K a6COJIIOTHbIM 3HaqeHHHM

3HeprHH, a CJIeil.OBaTeJIbHO, H K B3aHMHoMY pacnOJIO)l(eHHIO 3THX ypoBHeH

H 3JIeKTPoHHbIX 30H AgHal, CJIeil.yeT nOil.XOil.HTb C 60JIbllIOH OCTOpO)I(HOCTbIO.

-0,35
~B' 1.81

Pac.l00. 3aBHCHMOCTb 3<p<peKTHBHOCTH CneKTpaJIbHoi!: CeHCH6HJIH3auHH UHaHHHO-
BhlMH KPaCHTeJIHMH OT eHB [70]

B pa60Tax no CneKTPaJIbHOA ceHCH6HJIH3aUHH ,lI)IH onpe)l.eJIeHHH 3Hep-

reTHqeCKHX ypOBHeA KPaCHTeJIeH llIHpOKoe npHMeHeHHe HallUIH 3JIeKTPOXH-

MHqeCKHe nOTeHUHaJIbI H, npe)J{)],e Bcero, nOJIHporpa<pHqeCKHe nOTeHUHaJIbI

nOJIyBOJIH BOCCTaHOBJIeHHH H OKHCJIeHHH KPacHTeJIeA [1, c.284; 54; 66; 67].

- EredIIoJIHporpaqmqecKHH nOTeHUHaJI nOJIYBOJIHbI BOCCTaHOBJIeHHH 1/2 xapaKTe-

pH3yeT CpO)l.CTBO Kp K 3JIeKTPOHy B paCTBo~e, a nOTeHUHaJI nOJIyBOJIHbI OKH-

CJIeHHH Efj2 - nOTeHUHaJI HOHH3aUHH. E~2 OTHOCHTCH K peaKUHH Ha KaTO)l.e:

Kp + e ~ Kp7 (48)

Kp-e~Kpt (49)

XapaKTepHo, qTO,ll)lH 06paTHMbIx OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIX CHCTeM

nOTeHUHaJIbI nOJIyBOJIH npaKTHqeCKH COBna,naIOT C HOPMaJIbHbIMH OKHCJIH-

TeJIbHO-BOCCTaHOBHTeJIbHbIMH nOTeHUHaJIaMH (Eo, B). ComacHo [71; 2,

c. 391] ,lI)IH MHorHX UHaHHHOBbIX KpaCHTeJIeA TPe60BaHHe 06paTHMocTH 3JIeK-

TP0)l.HOH peaKUHH BbillOJIHHeTCH npH onpeil.eJIeHHbIX yCJIOBHHX H3MepeHHH,
Ered "" EO EOX

'" EOCJIeil.OBaTeJIbHO, 1/2 = Kp7/Kp' a 1/2 = Kp/Kp t·

IIoTeHUHaJIbI E~i~(ox) H3MepHIOT B pacTBopax B BOJIbTaX OTHOCHTeJIbHO

cTaHil.apTHbIx 3JIeKTPO)l.OB - HaCbIllIeHHoro KaJIOMeJIbHoro (H. K. 3.) HJIH XJIO-



pocepe6pRHoro (X.C.3.). HaH):(eHbI XOpOWHe KOJIH'IeCTBeHHble KOppeJIRUHH

Ered '" EOX u.Me)J(,lly 1/2 H CHB, C O):(HOn CTOpOHbI, H Me)J(,lly 1/2 H CB3, C ):(pyroH, THlIa.

Er
ed C (50)CHB = - 1/2 +

,lJ.nR HJIJIlOCTPaUHH Ha pHC. 10 1 npHBe):(eHbI nOTeHUHaJIbI E~/~ H Ef/2 .D.JISI

THallOJIHKap60UHaHHHoB CTPOeHHSI (XVIII), H3MepeHHble B cnHpTO-BO):(HOM

pacTBope OTHOCHTeJIbHO H. K. 3. [54].

E~~ 000-
n=O

Pac.tOt. 110JUlporpa$H'leCKHe rrOTeHUHaJIbI THarrOJIlIKap6oUHaHHHOB CTpoeHIDI

(XVIII) [54]

llOJISIporpa<!>H'IeCKHe nOTeHUHaJIbI nOJIyBOJIH BOCCTaHOBJIeHHSI H OKHC-

JIeHHSI KPaCHTeJIeH B HaCTOSIwee BpeMSI WHpOKO HCnOJIb3YIOTCR B pa60Tax

no cneKTPaJIbHOH ceHCH6HJIH3aUHH. I1MH '1aCTO onepHpyIOT BMeCTO BeJIH-

'1HH CHB H CB3. fJIaBHaSi npH'IHHa 3TOro 3aKJIIO'IaeTCR B JIerKOCTH HX onpe):(e-

JIeHHR. HaimeHbI KOppeJIRUHH Me)J(,lly 3<!><!>eKTHBHOCTbIOCneKTPaJIbHOH ceHCH-

6HJIH3aUHH H BeJIH'IHHaMH E~~ KpaCHTeJIeH [2, c. 394; 66], COrJIaCHO KOTOPbIM

B onpe):(eJIeHHOH 06JIaCTH nOTeHUHaJIOB (KaK npaBHJIO, IE~/tKpl < 1,0 B, OTH.

H. K. 3.) C yBeJIH'IeHHeM nOTeHUHaJIa (HJIH C YMeHbweHHeM a6COJIIOTHOrO

3Ha'leHHR) 3<!><!>eKTHBHOCTb ceHCH6HJIH3aUHH YMeHbwaeTCSI. 06IUHH BH):( 3a-

BHCHMOCTH 3<!><!>eKTHBHOCTHcneKTPaJIbHOH ceHCH6HJIH3aUHH OT E~tKp npe):(-

CTaBJIeH Ha pHC. 102, a [72]. XapaKTepHO, '1TO.D.JISIpMa KPaCHTeJIeH B 06JIaCTH

"P

r

1,0 -20
, 311 CUm

-;;; -1,34--1 -e- -1,34

~ -1,0 11~ ~B
:C --.::::::r-

1,0 +1.26~

AgBro
-0,5 -1,0 -1,5

EV~' B (OTH. H.K.3.)

a

Pac. t02. 3aBlICHMOCTb OTHOCHTeJIbHOrOKBaHTOBoro BbIXO.naCneKTPaJIbHOH CeHC1I611-
JIH~HH OT Em,Kp (a) [72]. 110JIO)KeHlIe .llHa 30Hb! npOBO.llllMOCTH H nOTOJIKa BaJIeHT-

HOB 30Hb! AgBr B WKaJIe 3JIeKTPQXHMH'leCKlIX rrOTeHUHaJIOB (OTH. H. K. 3.) (6) [67,68]

nOTeHUHaJIOB E~~ 0TPHuaTeJIbHee '" -1,3 B (OTH. H. K. 3.) qyBCTBHTeJIbHOCTb

MaJIO 3aBHCHT OT E~~. 3TOT rpaHH'IHbIH nOTeHUHaJI C'IHTaIOT 6JIH3KHM K no-

TeHUHaJIy ):(Ha 30HbI npOBO):(HMOCTH AgHal [72]. Bce 3TO CnpaBe.D.JIHBO JIHWb

.D.JIRKPaCHTeJIeH B M-COCTORHHH. B pa60Te [73] MeTo,nOM <!>a3OCeJIeKTHBHOH

AC-BOJIbTaMnepOMeTPHH Ha 2-H rapMOHHKe 60JIee TO'lHO H3MepeHbI HOpMaJIb-

HbIe nOTeHUHaJIbI KPaCHTeJIeH (Eo, B) H 3aTeM [74] nOCTPoeHa 3aBHCHMOCTb CPr
OT EO, comaCHO KOTOpOH rpaHH'IHOe 3Ha'leHHe nOTeHUHaJIa (Eiz) Haxo,nHTCR

Me)J(,lly -1,3 H -1,4 B (pHc.l03) [74]. CJIe,nyeT 3aMeTHTb, 'lT0 3Ha'leHHe

rpaHH'IHoro nOTeHUHaJIa 3aBHCHT OT THna AgHal-3MYJIbCHH, XHMH'IeCKOR

CeHCH6HJIH3aUHH H, oco6eHHo, OT 3Ha'leHHR pAg [2, c. 397; 66].
HeCMQTPR Ha TO, '1TO nOJIRporpa<!>H'IeCKHe nOTeHUHaJIbI OTHOCRTCSI K pac-

TBopaM KPaCHTeJIeR, a He K a.nCOp6HpOBaHHbIM KPaCHTeJIRM, paCCMQTPeHHe

npouecca CneKTPaJIbHOH ceHCH6HJIH3aUHH C HCnOJIb30BaHHeM OKHCJIHTeJIbHO-

BOCCTaHOBHTeJIbHbIX nOTeHllliaJIOB MeTo,nOJIOrH'IeCKH onpaB,naHO B TOM CMbI-

CJIe, '1TO npH TaKOM no,nxo):(e MOryT paCCMaTPHBaTbCR He TOJIbKO BeJIH'IHHbI

nOTeHUHaJIOB KpaCHTeJIeH, HO H ,npyrux KOMnOHeHTOB <!>OTorpa<!>H'IeCKoJ';t

3MYJIbCHH [66-68]. CJIe):(yeT OTMeTHTb, '1TO B pMe pa60T (CM. 0630P [75])

npOBe,neHO OTHeceHHe nOTeHUHaJIa HOpMaJIbHOrO BO,nOpO,nHOro 3JIeKTPo,na

K HyJIeBoMy YPOBHIO 3JIeKTPOHa B BaKYYMe. B 3TOJ';t a6COJIIOTHOR WKaJIe 3Hep-

ruH nOTeHUHaJI HOpMaJIbHOro BO):(0P0):(HOro 3JIeKTPo,na paBeH -4,4 3B. EcnH

npHHRTb nOTeHUHaJI ,nHa 30HbI npOBO):(HMOCTH AgBr paBHbIM -3,3 3B, a Bepx-

HeJ';t rpaHHUbI BaJIeHTHOJ';t 30HbI -5,9 3B, TO HX 3Ha'leHHR B WKaJIe 3JIeKTPOXH-

MH'IeCKHX nOTeHUHaJIOB 6y):(YT COOTBeTCTBeHHO -1,1 H +1,5 B (OTH. H.B.3.).

OTHOCHTeJIbHO HaCblIUeHHoro KaJIOMeJIbHOrO 3JIeKTPo,na, npHMeHReMoro .D.JIR



red(ox)
OnpeiJ,eJIeHHJl E1/2, Kp' nOTeHUHaJI 30HbI npOBOiJ,HMOCTH E3n = -1,34 B,

nOTeHUHaJI BaJIeHTHOH 30HbI EB3 = 1,26 B (pHC. 102, 6) [67; 68]. TaKHM 06pa-

30M, nOTeHUHaJI E3n 6JIH30K K rpaHHqHOMY 3HaqeHHIO E1 -1,37 B (H. K. 3.),

yCTaHOBJIeHHoMy n03)1(e TaHH B pa60Te [74] (pHC. 103).

C 3aXBaqeHHbIM $oT03JIeKTPOHOM HJIH iJ,a)I(e OKHCJIeHHe 06pa30BaBluerocSi

cepe6pSlHoro CKPbITOrO H306pa)l(eHHSI.

Kpt + [AgHa1] ---+ Kp + [AgHaq+ (53)

[AgHa1]+ + [AgHa1/ Ago] ---+ [AgHa1/ Ag+] (54)

B MOiJ,H$HUHpoBaHHoM MexaHH3Me 3JIeKTPoHHoro nepeHoca T. TaHH [54]

paCcMaTPHBaeTcSI He TOJIbKO HH)I(eKUHSI $OT03JIeKTPOHOB C cHB B 30Hy npo-

BOiJ,HMOCTH AgHa1, HO TaK)l(e HH)I(eKUHSI iJ,bIpOK C cB3 B BaJIeHTHylO 30Hy

AgHal. TaKHM 06pa30M, cyMMapHbIH $OTorpa$HQeCKHH pe3YJIbTaT onpeiJ,eJISI-

eTCSI KOHKYPeHUHeH: 3THX iJ,BYX npoueCCOB. ,l1..JISiyqeTa 060HX npoueccOB TaHH

BBeJI nOHSITHe KBa3HYPOBHSI <l>epMH KpaCHTeJISI, 3a KOTOpbIH OH npHHHMaeT

CepeiJ,HHY Me)l()J,Y YPOBHSlMH cirB H CB~:
. cirB + CB~cF= --- (55)

2
llpeiJ,nOJIaraeTCSI, qTO eCJIH KBa3l1ypoBeHb¢epMH !KPaCHT~SI JIe)I(HT BbIwe

YPOBHSI <l>epMH AgBr (MSI AgBr ypOBeHb 4>epMH qOMeIlJ,yH nOCepeiJ,HHe 3a-

npemeHHoH 30HbI, T. e.;paBeH --;l,75 3B), TO KOJIHlJeCTBO/HH)I(eKTHpOBaHHbIX

$OTOBO~6}')l<l;leHHhIM KPaCHTeJIeM 3JIeKTPOHOB 60JIpllle KOJIHqeCTBa HH)I(eKTH-

pyeMhIx iJ,bIpOK H KPaCHTe~b S1BJISleTCSICneKTPaJIbHbIM ceHCH6HJIH3aTopOM. Ii,
Ha060pOT, eCllH KBa3Hyp6BeHb HH)Ke. YPOBHSI ~ePMH. AgHa1, T.O KPaCHTeJlb

He S1BJISleTCSICneKTPaJIbHpIM ceHCH6HJIH33,TOPOM H3-3ainpeBaJIHPYIOIlleH oroe-

JIHBaIOIlleH: cnoc06HOCTH ero iJ,bIpOK (pHc.99). ComacHo 3TOH KOHuenUHH, Bce

npHBeiJ,eHHbIe Ha pHC. 99 THaUHaHHHOBbIe KPaCHTeJIfi - CneKTParrbH;hIe teH~
cH6HJIH3aTOpbI, a $eHoca$paHHH (<I>C), KBa3HypoBeHb <l>epMH KOToporo (c~)

HH)I(e YPOBHSI <l»epMH AgHa1, He cnoc06eH K cneK11'>aJIbHOH CeHCH6HJIH3aUHH

HeraTHBHoro $OTOrpa$HqeCKOrO npouecca. KOHtienUHSI KBa3HypoBHSI <l>ep-

MH S1BJISleTCSIBeCbMa yCJIOBHOH, 3a qTO nO,D;BepranaCb KpMTHKe. [66]. OHa,

HanpHMep, He nepeiJ,aeT pa3JIHQHSI B $OTorpa$HqeCKOH: aKTHBHOCTH TJlanO-

JIHKaP60UHaHHHOB CTPoeHHSI (XVIII) (naiJ,eHHSI 3$$eKTHBHOCTH C "l-), )J,.J1S1

KOTOpbIX ypOBeHb cF nOCTOSlHeH. OiJ,HaKO HeCOMHeHHbIM iJ,OCTOHHCTBOM noiJ,-

XOiJ,a T. TaHH S1BJISleTCSInpHBJIeQeHHe BHHMaHHSI K cYiJ,b6e iJ,bIpOK KpaCHTeJUI.

TaKHM 06pa30M, B paMKax 3HepreTHQeCKoro nOiJ,XOiJ,a KnepeHocy 3JIeK-

TPOHOB npH CneKTPaJIbHOH: ceHCH6HJIH3aUHH, Ka3aJIOCb 6bI, Hax9iJ,HT pewe-

HHe np06JIeMa 3$$eKTHBHOCTH CneKTPaJIbHOH ceHCH6HJIH3aUHH, a HMeHHO,

YMeHbweHHe 3*$eKTHBHOCTH ceHCH6HJIH3aUHH C ymy6JIeHHeM ypOBHSI cHB

KpaCHTeJISI (E~2,Kp > -1,34 B). llPH 3TOM YBeJIHqHBaeTCSI 3HepreTHQeCIqUI

IlleJIb 6.E Me)l()J,y cHB H iJ,HOM 30HbI npOBOiJ,HMOCTH AgHa1 (pHc.102, /6)
H YMeHbweHHe CneKTPaJIbHOH: QYBCTBHTeJIbHOCTH S>. (<Pr) (pHC. 100; 102, a)
BnOJIHe 3aKoHoMepHO, TaK KaK KOHCTaHTa CKOpOCTH ceHCH6HJIH3aUHH kceHc,

onpeiJ,emllOIllaSl KBaHTOBbIH: BbIXOiJ, CneKTPaJIbHOH: ceHCH6HJIH3aUHH <P~HC'

iJ,OJI)I(Ha 3KcnOHeHUHaJIbHO 3aBHceTb OT 6.E:

kceHc = A.exp ( -;~E), (56)

•.\
• I
o I

I
I
I
I

• I
I

• I

-1,0 E~-1,5 -2,0
En' B (OTH.H.K.3.)

Pd'c.103. 3aBHcHMocTb OTHOCHTeJlbHoro KBaHTOBoro BbIXO,aa CneKTpaJIbHoit ceHCH-
6HJIH3auHH (tpT) OT HOPMaJIbHbIX OKHCJlHTeJlbHO-BOCCTaHOBHTeJIbHbIXnOTeHUHaJIOB
KPacmeJIeit (ER) [74]

B 06Cy)l()J.aeMOM 3HepreTHqeCKOM nO)J,XOiJ,e K np06JIeMe CneKTPaJIbHOH:

CeHCH6HJIH3aUHH BHHMaHHe aKUeHTHpOBaJIOCb JIHWb Ha cYiJ,b6e $oT03JIeK-

TPOHOB, a cY)J,b6a iJ,hIpOK KPacHTeJISI OCTaBaJIaCb BHe nOJISI 3peHHSI. B TO )I(e

BpeMSI cyiJ,b6a iJ,bIpOK KpaCHTeJISI TaK)l(e B3)l(Ha. Ha 3TO 06panpI BHHMaHHe

T. TaHH, npe)J,.J10)I(HB MOiJ,H$HUHpOBaHHbIH: MexaHH3M 3JIeKTPOHHoro nepeHO-

ca [54]. B npHHUHne, 06pa3YlOIllHecSI iJ,bIpKH KpaCHTeJISI MOryT 6bITb 3axBaQeHbI

iJ,e$eKTaMH nOBepXHocTH AgHa1, B TOM QHCJIe iJ,e$eKTHbIMH HOHaMH Ha1;e<\"

JIH60 npOiJ,yKTaMH cepHHCTOH: ceHCH6HJIH3aUHH (Ag2S-ueHTPaMH):

Kpt + Hal;e<jl(Ag2S) ---+ Kp + Hal' (Ag2St) (52)

B pe3YJIbTaTe 3TOro npOHCXOiJ,HT pereHepaUHSI MOJIeKYJI KPaCHTeJISI, QTO 06y-

CJIaBJIHBaeT ero MHorOKPaTHOe $YHKUHoHHpoBaHHe B KaqeCTBe cneKTPaJIbHO-

ro ceHCH6HJIH3aTopa. KpoMe TOro, QTO BeCbMa B3)l(H0 )J,.J1S1npouecca cneK-

TPaJIbHOH ceHCH6HJIH3aUHH, B03MO)l(Ha HH)I(eKUHSI iJ,bIpKH KPaCHTeJISI B Ba-

JIeHTHylO 30Hy AgHa1 (pHC. 98,2). BepoSlTHoCTb 3TOro npouecca onpeiJ,eJISleTCSl

B3aHMHbIM pacnOJIO)l(eHHeM cB3 YPOBHSl KpaCHTeJISI H nOTOJIKa BaJIeHTHOH 30-

HbI (E~3 = + 1,26 B, OTH. H. K. 3.). B pe3YJIbTaTe HH)I(eKUHH iJ,bIpKH B BaJIeHT-

HylO 30Hy B03MO)l(Ha peKOM6HHaUHSI iJ,bIpKH (CTaBweH y)l(e iJ,bIpKOH: AgHal)



CKOJIhKO XHMli'ieCKI1MI1 peaKUHHMH

C yqacTHeM KHCJIOpO,na 11 H20, npH-

BO,nHIUHMH K 06pa30BaHHIO BTOpli'i- -0,8
HhIX XHMHqeCKI1X npo,nyKTOB peaK-

UI1I1, H TeM caMhIM OTBJIeKaIOIUH-

MI1 <pOT03JIeKTPOHhI OT <pOpMl1pOBa-

HI1H CKPhIToro 11306proKeHI1H. Ha 3THX 0,8
npoueccax MhI OCTaHOBI1MCH HeCKOJIh-

KO n03:lKe.

,UJIH 06bHcHeHlfH CeHCIf6IfJIIf3a-

UI1H KPacHTeJIHMH, qhlf ypOBHH cHB

paCnOJIaraIOTCH no,n 30HOH: npoBO,nIf-

MOCTIf AgHal, )].:lKeH:MC HCnOJIh30BaJI

,nBYXCTa.l(HH:HhIH: nepeHoc 3JIeKTPoHoB

OT Kp* Ha AgHal [78], comaCHO

KOTOpOMy nepBOHaqaJIhHO 3JIeKTPOH

nepexo,nHT He B 30Hy npOBo,nHMO-

CTH, a Ha JIOKaJIhHhIe nOBepXHOCT-

HhIe ypOBHH 3aXBaTa, JIe:lKaIUHe my6-

:lKe (JI1f60 B6JIH3H) ypOBHH 3JIeKTPOHa

B Kp* (pHc.98, 6). TaKHMIf ypOBHHMH MOryT 6hITh ,ne<peKThI nOBepXHOCTH,

If, npe:lK.l(e Bcero, nOBepXHOCTHhIe 1f0HhI Ag+ (Ha H3JIOMax CTYneHeH:). )].aJIee

3JIeKTPOHhI C nOBepXHOCTHhIX ypOBHeH: 3axBaTa TepMHqeCKH B036Y:lK.l(aIOTCH

B 30Hy npOBo,nHMOCTH AgHal. llpoueCChI cneKTPaJIhHOH: ceHCH6HJIH3aUHH

«no,n 30HOH: npOBo,nHMOCTH» C yqacTHeM nOBepXHOCTHhIX JIOByUIeK 3JIeKTPO-

HOB paCCMOTPeJI TaK:lKe ll. [IfJIhMaH C COTPy,nHHKaMH [73].

XOPOUIO H3BecTHo, qTO 3<p<peK- E, B

TIfBHOCTh CneKTPaJIhHOH: CeHCH6HJIH-

3aUHH AgHal KPaCHTeJIHMIf C ypOB-

HHMH cHB no,n 3ll H, npe:lK.l(e Bcero

IfH<ppaxpoMaTHqeCKHMH, CHJIhHO 3a-

BI1CHT OT KOHueHTPaUHI1 1f0HOB Ag+

B 3MYJIhCHH (pAg). llplf 3TOM C po-

CTOM [Ag+] Ha6JIIO,naeTCH POCT cneK-

TPaJIhHOH: qYBCTBHTeJIbHOCTH S>. [I,
c.263]. YBeJIHqeHl1e S>. C pOCTOM

[Ag+] CBH3bIBaIOT C Henocpe,nCTBeH-

HhIM <pOTonepeHOCOM 3JIeKTPOHOB

OT Kp* Ha nOBepXHOCTHhIe HOHhI

Ag~OB' B paMKax 30HHOH: cxeMhI ypOB-

HeH: AgHal 3TO paBHOCI1JIhHO 3am-

6y 30H BHlf3 H npH6JIIf:lKeHHIO ,nHa 30HbI npOBo,nHMOCTH K cHB KpaCHTeJIH

(PHc.105).
11 * .

r,ne A H a - HeKOTOphIe nOCTOHHHhIe BeJIlfqlfHhI. B TaKOM cJlyqae 6J1H3KHH:

K JII1HeH:HoMY xapaKTep 3aBI1CI1MOCTIf 19 S>. OT t::.E IfJIIf OT eHB nOHHTeH, 1f60
S>. ,....,kceHc, a

Ig S>. ,....,Ig kceHc ,...., -m' t::.E,....,-m(Em,Kp - E~n) ,....,~m· EritKP +C, (57)

r,ne m - nOCTOHHHaH nplf T = const. HMeHHo TaKoe o6'hHcHeHlfe 3aBIfCHMO-

CTH S>.OT E~tKP' KaK npaBHJIO, MO:lKHO HaATIf B JIIfTepaTYPe.

HecMOTPH Ha OTMeqeHHoe COOTBeTCTBlfe Me:lK.l(y 3KcneplfMeHTaJIhHhIMIf

pe3YJlhTaTaMIf If npe,nCKa3aHIfHMIf reoplflf nepeHoca 3JIeKTPoHa OT Kp* B 30-

Hy npOBo,nHMOCTIf AgHal, HY:lKHa onpe,neJleHHaH OCTOPOXHOCTh nplf oueHKe

a.l(eKBaTHOCTIf 3roit Mo,neJIIf. )].0 Hacro5lmero BpeMeHH ,nHCKYTlfpyeTcH BO-

npoc 0 peaJIbHOM paCnOJIOXeHHH ypOBHeit Kp OTHOCIfTeJIbHO 3JIeKTPOHHbIX

30H AgHal. COOTHeceHlfe ypOBHeA, nonyqeHHoe Ha OCHOBaHlf1f <pOTorpa<plfqe-

CKoro 3KcnepHMeHTa, 3neKTpoXHMH'ieCKHX ,naHHbIX HKBaHTOBO-XHMHqeCKHX

paCqeTOB, TaK:lKe HeO,lUi03Ha'lHO. O,nHaKO OCHOBHOA He,nOCTaTOK paCCMOTPeH-

HOH MOneJIH 3JIeKTpoHHoro nepeHoca 3aKJIIOqaeTCH B OTCyrcTBlIlf 3aBIfCIfMO-

CTH S>. OT E~tKp npH 3KcnOHHpoBaHHH <pOTOenoeB B BaKyyMe.

K qHCJIy BaxueAUIHX pa60T B 06naCTH CneKTPaJIhHOH CeHCIf6HJIH3a-

UIfH, HeCOMHeHHO, OTHOCJITCH pa60ThI T.~eitMca C COTPy,nHHKaMH [76; 77;

2, c. 395] no BJlHHHHIO BaKyyMHpoBaHlI5I <pOTorpa<plfqeCKHX cnoeB Ha 3<p-

<peKTHBHOCTb CneKTPaJIbHOA CeHCH6HJIIf3aUIfH. B 3TlfX pa60Tax 6bIJIO nOKa-

3aHO, qro nOCJIe ynaJIeHIf51 H3 enoeB KHCJIOpo,na If BonbI nplf BaKYYMHpOBa-

HIfD 3<p<peKT cneKTPaJIbHOA CeHCH6HJIH3aUHIf Ha6nIOnaJICH .l(AA KPaCIfTeJIeH

C 1<Jri~= -0,25 B (OTH. AgfAgCI-3neKTpo,na), .l(AA KOTOphIX nepexo,n <pOTO-

3J1eKTpoHOB OT Kp* B 30HY npoBonHMocTH AgHal npaKTHqeCKH HeB03MO:lKeH

(t::.E ~ 1,1 B). non06Hoe BJllf5lHHe BaKyyMHpOBaHHH Ha cneKTPaJIhHO ceHCIf-

6HJIH3HPOBaHHbIe enolf Ha6JiIOnanlf TaKXe 1I npyme aBTopbI [2, c.298].

XapaKTepHO, 'lT0 3<t><t>eKTHBHOCTbCneKTPaJIbHOH: CeHCH6HJIH3aUHH B Ba-

KYYMe AgBr(I)-3MynbCHA (pAg = 8,0), no,nBeprHyrhIX, KPOMe TOro, ,nonOJIHH-

TeJIbHOH BOCCTaHOBIfTeJIbHOA CeHCIf6HJIH3aUIfH Bo,noponoM .l(JI5I YMeHbUIeHIfH

peKOM6lfHaUlfH 3JIeKTPOHOB C nbIpKaMIf JIH60 .l(JI5I 06pa30BaHIf51 cy6UeHTPOB

CKPhITOro H306proKeHHH (Agg), 6hIJ1a onHHaKoBoH .l(JIH KPaCHTeneH C Eri~
BnJIOTb ,no -0,36 B (pIfC. 104). 3TOMy nOTeHUlfaJIY COOTBeTcTByeT BeJIlfqHHa

t::.E ~ 1,0 3B, .l(JIH KOTOPOH nepexon 3J1eKTPOHa OT Kp* B 30Hy npOBo,nlf-

MOCTH AgHal 3a BpeMH )l{H3HIf <pOTOB036yxneHHoro KPaCHTeJIH (l 0-9 _10-10 C

[I, c. 280]) HeB03MO:lKeH. TaK KaK npH BaKyyMlfpoBaH1f1f B3alfMHoe pacnOJIoxe-

Hlfe ypoBHeA KPaCHTeJIeH If AgHal, nO-BH.l(IfMOMy, He H3MeHHeTC5I, caM no ce6e

OTMeqeHHbIH <paKT cBli.l(eTeJIbCTByeT 0 TOM, '1TO nepexon 3JIeKTPOHOB OT Kp*

Ha AgHal nOBOJlbHO 3<l><peKTHBeH BHe 3aBHCIfMOCTIf OTnOJIOXeHHH ypOBHH <PO-

TOB036yxneHHoro KPaCHTeJIH OTHOCHTeJIbHO 30HbI npOBo,nHMOCTIf AgHal. 3TO

6bIJI cBoe06pa3HbIH peUIaIOIUIfH: 3KcnepHMeHT crucial, KOTOPbIH: y6enHTeJIbHO

nOKa3aJI, qro 3<p<peKTHBHocTb cneKTPaJIbHOH: ceHCH6HJIH3aUHH onpeneJlHeTCH

He CTonbKO pacnOJIO:lKeHHeM ypoBHeit KPaCHTenH OTHOCHTeJIbHO 30H AgHal,

~~~

B03,nyx : BaJ<YYM

PHc.104. 3aBHCHMoCTb CneKTpaJIbHOH
'iYBCTBHTeJIbHOCTHAgBr(I)-3MYJIbCHH 6e3

XHMH'ieCKOH CeHCH6HJIH3aUHH OT Erit Kp

npH 3KcnOHHpOBaHHH <POTorpa<pH'ieCKHX
CJIoeB Ha B03,Uyxe, B BaJ<YYMe 1'1 B BaKyy-
Me C npe.lIBllpHTeJIbHOH CeHCH6HJIlnaUHeH
BO,nOpo,nOM; 0 - 3KcnepHMeHTaJIbHble
3Ha'ieHHH, • - CKOppeKTHpOBaHHble .nJIH
o,nHHaKoBoro 'iHCJIa KBaHTOB [77)

-O'
8Bt

Kp

B-e-
B3

--+I,26B
AgBr

pAgl

PHC. 105. CxeMa 3arH6a 30H AgBr npH
YBeJIH'ieHHH KOHueHTpaUHH HOHOB Ag+
B <pOTOrpa<pH'ieCKOH 3MYJIbCHH 1'1 cneK-
TPaJIbHOH CeHCH6HJIH3aUHH KpaCHTeneM
C rny60KHM ypOBHeM eHB



§ 14. )l;eceHCH6HJIH3aU;HB
raJIOreHH,lI,OB cepe6pa KpaCHTeJIBMH

npO~BJHleTC~ TOJIbKO B npHcyrcTBIUI KHCJIOpO,ll.a [82]. BJIH~HHe 02 H H20

}')Ke paccMaTPHBaJIOCb paHee B pa3,ll.eJIe OTKJIOHeHH~ OT B3aHM03aMeCTHMOCTH

npH HH3KOH OCBellleHHOCTH HB3-HO H CB~3aHO C OKHCJIeHHeM CM (AgO).

B HaCTO~lllee BpeM~ paccMaTPHBaeTc~ CJIe,ll.YlOlll~ cxeMa ,ll.eCeHCH6HJIH3aUHH

I THna [77, 66-68]:

I +02(II) +H+(III)+e(lV} +H'(V}
e(Ag°)+Kp;:::::t(Ag+)+Kp7 ;:::::t Kp+027 ;:::::t HOi;:::::t HOl ;:::::t H202

VI ~ Kp+Ha1~'~ O,+Har (62)

HaH60JIee Bax<:HbIH BbIBO,ll., KOTOpbIH MO:>KeT 6bITb C,ll.eJIaH H3 9KcnepH-

MeHTOB ,ll:>KeHMca 3aKJIlOqaeTC~ B TOM, qTO CneKTpaJIbHaH CeHCH6HJIH3aUHH

onpe,ll.eJIHeTC~ He CTOJIbKO B3aHMHbIM pacnOJIO:>KeHHeM ypoBHeH Kp H 9JIeK-

TPOHHbIX 30H AgHal, CKOJIbKO XHMHqeCKHMH pea~UHHMH ,C KHCJl<?PO,ll.~M

H BO,ll.OH, CO,ll.ep:>KalllHMHCH B CJIOHX. Pe% H,ll.eT O,:raK Ha3h$ae¥bIX npoueccax

,ll.eCeHCH6HJIH3aUHH AgHal KpaCHTeJIHMH.

llo,ll. npOl.{eCCOM oecenCU6UAU3al.{UU AgHal KpaCUmeJlJlMU nOHHMalOT yMeHb-

llleHHe c06CTBeHHOH (CHHeH) qYBCTBHTeJIbHOCTH <pOTorpaqmqeCKOH 9MYJIb-

CHH npH a)J.COp6UHH KpaCHTeJIeH Ha MHKpOKpHCTaJIJIax AgHal. BnepBbIe

,ll.eCeHCH6HJIH3aUHIO AgHal KpaCHTeJIHMH paCCMOTPeJI nlOnno-KpaMep, KOTO-

PbIH BBeJI TepMHH ,ll.eCeHCH6HJIH3aUHH [80]. B HaCTOHlllee BpeM~ pa3JIH~1l1OT

,ll.Ba OCHOBHbIX MexaHH3Ma ,ll.eCeHCH6HJIH3aUHH - 9JIeKTPOHOaKUenTopHbIH

H ,ll.bIpOqHOaKUenTopHbIH. )leceHCH6HJIH3aUHIO no 9JIeKTPoHoaKUenTopHoMY

MexaHH3MY - oecenCU6UAU3al.{UlO I muna - BbI3bIBalOT KpaCHTeJIH, B TOM

qHCJIe cneKTPaJIbHbIe CeHCH6HJIH3aTOpbI, CO CP0,ll.CTBOM K 9JIeKTPoHY, npH

9TOM HaH60JIbIIIHH 9<p<peKT ,ll.eCeHCH6HJIH3aUHH XapaKTepeH )J.Jl~ OpraHHqeC-

KHX KpaCHTeJIeH, HeCYlllHX nOJIO:>KHTeJIbHbIH 3apM. )leceHCH6HJIH3HpyIOIUHe

KpaCHTeJIH nOCJIe B03,ll.eHCTBHH CBeTa Ha AgHal (hvc) 3aXBaTbIBalOT <poT09JIeK-

TPOHbI H3 30HbI npoBO,ll.HMOCTH Ha ypOBHH cHB, JIe:>KalllHe HH:>Ke ,ll.Ha 30HbI

npoBO,ll.HMOCTH AgHal, H TeM caMbIM OTBJIeKaIOT HX OT 06pa30BaHHH CKpbITO-

ro <poTorpa<pUqeCKOrO H306pax<:eHH~ (pHc.106). TaKHM 06pa30M, YCJIOBHeM

,ll.eCeHCH6HJIH3aUHH I THna HBJI~eTCH Ef;t Kp > Egn. CXeMaTHqeCKH 9TOT

npouecc MO:>KHOH306pa3HTb CJIe,ll.YlOlllHM 06pa30M:

B3-t::t-
AgHal

[AgHal] + hvc -+ [AgHal]*

[AgHal]* + Kp -+ [AgHal]+ + Kp7

Kp 7 + cpe,ll.a -+ np0,ll.YKTbI

[AgHa1]+ + Kp7 -+ [AgHal] + Kp

(58)
(59)
(60)
(61)

B npe,ll.CTaBJIeHHOH cxeMe (62) npouecca 9JIeKTPOH H3 3ll AgHal HJIH

H3 nOBepXHocTHoi!: JIOBYIIIKH (B qaCTHOc1H, H3' npe,ll.ueHTPa CKPbITOro H30-

6pax<:eHHH, Ago) 3axBaTbIBaeTCH KpaCHTeJI~M B OCHOBHOM COCTOHHHH C 06pa-

30BaHHeM aHHOH-pa)J.HKaJIa KpaCHTeJIH. nHIIIHHH 9JIeKTPOH H3 Kp7 ,ll.aJIee

nepeHOCHTCH Ha O2 C 06pa30BaHHeM aHHoH-pa)J.HKaJIa 0;. AHHOH pa)J.H-

KaJIa 0;, Kak: XOPQIIIO H3BeCTHO, JIerKO npoToHHPyeTc~, C 06pa30BaHHeM

pa)J.HKaJIa H<Pi, ol$JIa)J.alOlllero 3HaqHTeJIbHO 60JIbIIIHM CP0,ll.CTBOM K 9JIeK-

TPOHY, qeM 021[66-68]. ll09T0!"iY HOi MO:>KeT JIerKO 3aXBaTbIBaTb BTOPOH

9JIeKTPoH C oopa3<?BaHHeM HOi H ,ll.aJIee npH npoTOHHpoBaHHH nepeKHCH

BO,ll.0p0,ll.a. KpoMe TOro, B03MO:>KHa peKoM6HHaUH~ Kp 7 H 0; C ,ll.bIpKaMH

(CTa)J.HH VI H VII cxeMbI (62)).

ComacHo npHBe,ll.eHHOH cxeMe KpaCHTeJIb B OCHOBHOM COCTOHHHH Hrpa-

eT POJIb KaK 6bI npOMe:>KyrOqHoro nepeHOCtlHKa 9JIeKTPOHOB (KaTaJIH3aTopa)

Ha02 H npOTOHbI BO,ll.bI, a TaK:>Ke ueHTPoB peKoM6HHaUHH 9JIeKTpOHOB

H ,ll.bIpOK. To eCTb petlb H,ll.eT 0 KamaJIU3e KpaCHTeJIeM npoueCCOB OKHCJIeHHH

C yqaCTHeM O2 H npOTOHOB. llPH 9TOM, KaK H B JII06bIX KaTaJIHTHqeCKHX npo-

ueccax, B ,ll.aHHoM CJIyqae npeBpallleHHe O,ll.HOCTa)J.HHHOH peaKUHH OKHCJIeHHH

B 9TOH cxeMe CTa)J.H~ (60) COOTBeTcTByeT He06paTHMoH nOTepe 9JIeKTPOHOB

B pe3YJIbTaTe XHMHqeCKoro B03,ll.eHCTBH~ Kp7 C KOMnOHeHTaMH <poTorpa<pH-

qeCKoro CJIOH. CTa)J.HH (61) OTPa:>KaeT npouecc peKoM6HHaUHH 9JIeKTPOHOB,

3aXBaqeHHbIX Kp, C ,ll.bIpKaMH raJIOreHH)J.a cepe6pa. B03MO:>KeH 3axBaT <pOTO-

9JIeKTPOHOB He TOJIbKO HenOCpe,ll.CTBeHHO H3 30HbI npOBO,ll.HMOCTH, HO TaK:>Ke

H3 JIOByIIIeK 9JIeKTPOHOB Ha nOBepXHOCTH AgHal.

Y:>Ke cpaBHHTeJIbHO ,ll.aBHO 6bIJIO 3aMeqeHO yCHJIeHHe ,ll.eCeHCH6HJIH3aUHH

9JIeKTPOHOaKUenTopHbIMH KpaCHTeJIHMH B npHcyrcTBHH 02 H H20 (CM. 06-

30P [81]). TaK, ellle B pa60Tax M. BJIay H f. BaM6axepa OTMeqeHO, qTO

,ll.eCeHCH6HJIH3HpYlOlllee ,ll.eHCTBHe nHHaKpHnTOJIa :>KeJITOro H <peHoca<ppaHHHa



B pH,ll nOCJIe.uOBaTeJIhHhIX peaKUHit, B KIDK,llOit H3 KOTOpbIX 3HepnUI aKTHBaUI-iH

npouecca MeHhIIIe, qeM B O.uHOCTa,UHitHOit, .uOJI)KHO npHBO,nHTh K yCKopeHHIO

cyMMapHoro npOuecca.

npOMe)KYTOqHOe yqacTHe KpaCHTe-

JUI Ha CTa,UHH I cxeMhI onpe.ueJUleTcH 110
CpO.uCTBOM Kp K 3JIeKTPoHy, a KOHKPeT-

Hee, my6HHoH (6.E) ypOBHH cHB a,U-

COp6HpoBaHHoro KpaCHTeJIH no.u 30HOH

npoBo.uHMOCTH AgHal (pHC. 106). TaKHM B70
06pa30M, qeM my6)Ke ypOBeHh CHB Kpa- ~

CHTeJIH, TeM 60JIhille .ueceHCH6HJIH3a- 8
UHH, qTO no.uTBep)l(,UaeTCH 3KcnepHMeH- 30
TaJIhHO 3aBHCHMOCTblO CTeneHH .ueceH-

cH6HJIH3aUHH (C,ll.) OT E~tKp' npHBe-

.ueHHoit Ha pHC. 107 [67,68]. no.u CTene- -10
HhlO .ueceHCH6HJIH3aUHH nOHHMalOT OT-

HOIIIeHHe c06CTBeHHOH CBeTOqyBCTBH-

TeJIbHOCTH AgHal-3MYJIhCHH 6e3 KPaCH-

TeJIH K qYBCTBHTeJIbHOCTH C KPaCHTeJIeM:

C,ll. = S"rn,3Kp/S~Kp. ComaCHO pHC. 107,
C,ll. JIOrapHcPMHqeCKH 3aBHCHT OT no-

Ered ••TeHUHaJIa 1/2, Kp' KOTOpbln xapaKTepH-

3yeT cHB, yaeJIHqHBaHCb C B03paCTaHHeM

nOTeHUHaJIa. 3aBHCHMOCTb HMeeT BH,U

-0,3 -0,6 -0,9 -1,2
red

E 1/2' B (OTH. H.K.3.)

PRe.l07. 3aBHcHMoCTb ,lleCeHcH6HJUI-

3aUHH AgBr(I)-3MYJIbCHH OT Elit Kp:

1 - KOHueHTpaUIDl KpaCHTeJIeH 2'1O-6~
2 - KOHueHTpauIDl KpaCHTeJIeH 1 . 10-
MOJIb/MOJIb AgHal [68)

C pOCTOM KOHueHTPaUHH KPacHTeJIH CTeneHh .ueceHCH6HJIH3aUHH pacTeT. CTe-

neHh .ueceHCH6HJIH3aUHH YMeHbiliaeTcH C pOCTOM [Ag+] H C YBeJIHqeHHeM pH.

Ha pHC. 108, a npe,nCTaBJIeHa ,nHarpaMMa OKHCJIHTeJIhHO-BOCCTaHOBHTe-

JIhHhIX nOTeHUHaJIOB (B IIIKaJIe CTaH,napTHhIX nOTeHUHaJIOB, OTHOCHTeJIhHO

HOpMaJIhHOro BO.uOpO.uHOro 3JIeKTPo.ua, H. B. 3.) ,UJIH KOMnOHeHTOB cP0TO-

rpacPHqeCKOH CHCTeMhI, BKJIlOqaH ypOBHH Kp, O2, HOi H .up. [67, 68].
Ha TOM )Ke pHC. 108, 6 nOKa3aH MapIIIpYT peaKUHH .ueceHCH6HJIH3aUHH I THna

,UJIH KpaCHTeJIH C Em = -0,6 B (OTH. H. B. 3.). JIorapHcPMHqeCKHH xapaKTep

3aBHCHMOCTH CTeneHH .ueceHCH6HJIH3aUHH C,ll. OT nOJIO)KeHHH ypOBHH cHB

KPaCHTeJIH, xapaKTepH3yeMoro BeJIHqHHOH E~tKP' MO)KeT 6hITh 06bHCHeH,

eCJIH npe.unOJIO)KHTh, qTO JIHMHTHpylOilleH CTa,UHeH npouecca .ueceHCH6HJIH-

3aUHH HBJIHeTCH CTa,UHH I cxeMhI (62), T. e. 3axBaT 3JIeKTPOHa KpaCHTeJIeM

B OCHOBHOM COCTOHHHH (CKOpocThonpe.ueJIHIOIIIaH CTa,UHH). B 3TOM CJIyqae

KOHCTaHTY CKOpOCTH .ueceHCH6HJIHJaUHH MO)KHO Bhlpa3HTh B BH.ue:

-1,2-1,1--- 3n

-0,8

-t,t·X3n

-0,6 t}~ Kp7

-0,284 t) OJ
r-~ oJ

-0,13 t HOi-----~---
+0,338 ~

t) HO~
oJ

-0,4 -2,84--OJ=02+e
-0,13 --HOi=02+H++e01-----------

6
+1,S---B3

1, AgBr

PRe. 108. )l.HarpaMMa OKHCJIHTCJIbHO-BOCCTaHOBHTeJIhHbIX nOTCHUH8JIOB JJ.]IJI KOM-
nOHeHTOB $OTorpa$H'IeCKOA CHCTCMhI (a) H CXCMa npouecca .n;eceHCH6HJ1H3aJ.IHH
I THna (6) (67,68)

r.ue 6.E~ = ~n - E~,Kp [66-68]. CTeneHb .D.eCeHCH6HJIH3aUHH npH nOCTO-

HHHOM 3HaqeHHH pAg .D.OJI)KHa 6MT!> nponOpUMOHaJIbHOH ko, KOHueHTPaUHH

3JIeKTPOHOB (ce), BbIIIIe.uIIIHX 'Iepe3 30Hy npoBO.D.HMOCTH Ha nOBepXHOCTb

MHKPOKPHCTllJIJIOB AgHal, H KOHueHTPaIIHHKPaCHTeJUI (CKp):

. C,ll. '" ko' Ce • CKp. (65)

npH nOCTOHHHbIX Ce H CKp H pAg, C,ll. '" ko, a

IgC,ll. '" Ig ko '" -m .6.~ '" -m(E~n - E~t Kp) '" mE~tKp + C', (66)

B COOTBeTCTBHH C 3KcnepHMeHTaJIbHbIMH pe3YJIbTaTaMH (pHC. 107) [67,68].
,ll.eceHCH6HJIH3aUHH no .D.hIPOqHOMY MexaHH3MY - oeceHcu6UJ1U3at(UJI II

muna - TaIOKe HBJIHeTCH OKHCJIHTeJIbHhIM npoueccoM, O.D.HaKO B 3TOM CJIyqae

OKHCJIHTeJIeM HBJIHeTCH KaTHOH-pa,UHKaJI KPaCHTeJIH Kpt (.D.bIPKa KPaCHTeJIH).

,ll.blPKa KPaCHTeJIH o6pa3yeTcH npH peaKUHH OKHCJIeHHH Kp .ublPKOit raJIO-

reHH,na cepe6pa, B03HHKalOmeH npH cPOTOB036y)l(,UeHHH AgHal [1, c. 271],
comaCHO cxeMe:

p(Hal) + Kp -+ Hal- + Kp t

Kpt + Ag°(e3) -+ Kp +Ag+

(67)
(68)



,nbIpI6l KpaCHTemI MO)l(eT OKHCJISITb cepe6po CKpbITOrO H306pa)l(eHHSI (AgO) JIH-

60 peKoM6HHHpoBaTb C 3JIeKTPOHOM, 3aXBaqeHHbIM JIOBylllKOH (e3)' npouecc

,ubIPOqHOH ,ueceHCH6HJIH3aUHH oc06eHHo xapaKTepeH ,llJISi J-arpempYIOIUHx

KPaCHTeJIeH, Kor,ua ,ubIpKa KpaCHTeJISI, nepe,uBHraSiCb no arperaTY Ha 3Ha-

qHTeJIbHbIe paCCTOSIHHSI, MO)l(eT ,uOCTHraTb ueHrpa CKpbITOrO H306p~eHHSI

H OKHCJISITb cepe6po ueHrpa [67, 68].

~SI ,ueceHCH6HJIH3aUHH no ,ubIPOqHOMy MexaHH3MY He06xo,uHMO, qT06bI

BbIClllHH 3anOJIHeHHbIH 3JIeKrpoHHbIH ypOBeHb KpaCHTeJISI CB3 6bIJI BbIllle

nOTOJII<a BaJIeHTHOH 30HbI AgBr. JiJIH B lllKaJIe nOTeHUHaJIOB E?'h, Kp < Eg3,

T.e. E?h,Kp < 1,26 B (OTH. H.K.3.).

CJIe,uoBaJIO 6bI O)l(H,uaTb onpe,ueJIeHHOH 3aBHCHMOCTH CTeneHH ,ueceHCH-

6HJIH3aUHH II THna OT E?'h, Kp' K COX<:aJIeHHIO, 3aBHCHMOCTH Con OT E?h Kp

He BbISIBJIerto [67, 68], qTO 06yCJIOBJIeHO 60JIee CJIO)I(HbIM xapaKTepOM npo-

uecca. npoueccbI ,ueceHCH6HJIH3aUHH II THna 6y,uYT no,up06Hee paCCMorpeHbI

B CJIe,uyIOIUeM pa3,ueJIe.

§ 15. npo••eCCbl
caMo~eCeHCH6RHH3a"HH KpaCHTe~eH

npoueCCbI ,ueceHCH6HJIH3aUHH ,llOJI)l(HbI HMeTb MeCTO H npH <pOTOB03-

6y)1(,lleHHH KPaCHTeJIei:L Peqb H,lleT 0 npoueccax COMOaeCeHCu6UJ1U30ll,UU (aB-

To,ueceHCH6HJIH3aUHH) KpOCUme.tleu [1, c.272; 66-68]. no aHaJIOmH C ,ue-

CeHCH6HJIH;3aUHeH 2-x THnOB - no 3JIeKTpOHOaKUenTopHoMy H ,ublpOqHO-

My MexaHH3MaM - caMo,ueceHCH6HJIH3aUHSI TaK)l(e MO)l(eT 6bITb 2-x THnOB.

B npoueccax COMOaeCeHCUPUJlU3aIl,UU I muna B KaqeCTBe 3JIeKTPOHoaKuenTOp-

HbIX MOJItfKYJI MOfYT BblcTYJ1aTb caMH MOJIeKYJIbI cneKTPaJIbHbIX CeHCH6HJIH-

3aTopOB ,c E~~,KP > -1,0 B (OTH. t\:.K.3.). CxeMa caMo,ueceHCH6HJIH3aUHH

I THna aHaJIOmqHa cxeMe ,ueceHCH6HJIH3aUHH (62) C TOH JIHlllb pa3HHueH,

qTO Ha CTa,llHH I <poT03JIeKTPOH MoX<:eT 3aXBaTbIBaTbCSI MOJIeKYJIOH KpaCHTeJISI

He CTOJIbKO H3 30HbI npOBo,uHMOCTH, CKOJIbKO H3 nOBepXHOCTHbiX JIOByllleK

3JIeKrpOHOB (e3), B KOTopbIe TOT nona,llaeT Henocpe,uCTBeHHO OT Kp·. KpOMe

TOro, KpaCHTeJIb MoX<:eT OKHCJISITb npe,uueHrpbI CKpbIToro H306p~eHHSI:

I
e3(Ag°) + Kp ~(Ag+) + Kp: (69)

Ha peKoM6HHaUHoHHbIX CTa,llHSlX VI H VII cxeMbI (62) B KaqeCTBe ,ubIp-

KH P MO)l(eT 6bITb ,ubIpKa KPaCHTeJISI Kpt. K CO)l(aJIeHHIO, caMo,ueceHcH6H-

JIH3aUHIO HeJIb3H H3MepHTb Henocpe,uCTBeHHO <poTorpa<pHqeCKHM MeTo,uOM,

TaK KaK HeB03MO)l(HO c,ueJIaTb KOHrpOJIbHoe 3KcnoHHpoBaHHe<poToMaTe-

pHaJIa npH TOR )l(e ,llJIHHe BOJIHbI 6e3 cneKrpaJIbHOrO ceHCH6HJIH3aTopa.

O,uHaKo KOCBeHHbIe cBH,ueTeJIbCTBa HaJIHqHSI caMo,ueceHCH6HJIH3aUHH HMe-

IOTCSI. B pa60Te [83] ,llJISI oueHKH BJIHSlHHSI ,ueceHCH6HJIH3HPYIOIUHX KPa-

CHTeJIeH Ha c06cTBeHHYIO (8e) H cneKTPaJIbHYiO (8,,) CBeTOqYBCTBHTeJIb-

HOCTb B CJIOH, cneKrpaJIbHOCeHCH6HJIH3HpOBaHHbIe KPaCHTeJISlMH <pOpMyJIbI

(XVIII), BBO,uHJIH ,ueceHCH6HJIH3aTOpbI C BapbHpyeMbIMH 3HaqeHHSIMH Erit Kp

B HHTepBaJIe OT -0,25 ,uo -1,1 B (OTH. H. K. 3.). Ha pHc.I09 Ha npHMe-

pe CJIOeB, ceHCH6HJIH3HpOBaHHbIx 3, 3' -,uH3THJITHa,llHKap60UHaHHHoM H 3, 3'-

,uH3THJITHarpHKap60UHaHHHoM, nOKa3aHO, qTO ,uonOJIHHTeJIbHO BBe,ueHHbIe

,ueceHCH6HJIH3aTOpbI BbI3bIBalOT 60JIblllylO ,ueceHCH6HJIH3aUHIO B 06JIaCTH no-

rJIOIUeHHSI KpaCHTeJISI (C,n,,), qeM B 30He nOrJIOIUeHHH AgHaI (C,n).
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PHc.l09. 3aBHCHMOCTb 19Con (1, 2) H Ig C,n,\ (3, 4) OT E~tKp ,lJ,lUI AgBr(I)-

3MYJIbCHH, CeHCH6HJIH3HpOBaHHbIX 3,3'-1Uf3THJITHa,llHKap6oUHaHHHHO,llH,llOM (1, 3)
H 3,3'-1Uf3THJITHaTpHKap6oUHaHHHHO,llH,llOM (2, 4). KOHueHTp3UHSI KpaCHTeJIeH

4.10-6 MOJIb/MOJIb AgHal, pAg = 8,0 [67, 68]

Pa3JIHqHe B npoueccax ,ueceHCH6HJIH3aUHH H ,ueceHCH6HJIH3aUHH B 06JIa-

CTH nOrJIOIUeHHH KPaCHTeJIH CBSI3bIBalOT C pa3JIHqHSIMH <pOTonpoueCCOB npH

<pOTOB036YX<,1l;eHHH AgHaI H Kp [84; 77]. npH <pOToB036y)1(,lleHHH AgHaI Bce

3JIeKTPOHbI nepBOHaqaJIbHO nepexo,uSIT B 30Hy npOBo,uHMOCTH AgHaI, H3 KO-

TOPOH JIHlllb qaCTb HX 3aXBaTbIBaeTCH KPacHTeJISIMH ,ueceHCH6HJIH3aTOpaMH,

a ,upyraH qaCTb - ueHrpaMH qYBcTBHTeJIbHOcTH. TaKHM 06pa30M, B ypaB-

HeHHH (65) Con f'V ko . Ce . CKp, BeJIHqHHa Ce COCTaBJISIeT JIHllIb qaCTb Bcex

3JIeKTPoHoB, 06pa30BaBlllHxcSI npH <pOToB036y)1(,lleHHH AgHal. npH <pOTOB03-

6}')K,lJ;eHHH )l(e KPaCHTeJIeH 60JIblllaSi qaCTb (de) 3JIeKrpOHOB, nepBOHaqaJIbHO

nepeHocHTCSI OT Kp' Ha nOBepXHOCTHbie JIOBylllKH (c~ > ce), 6JIaro,uapSi qeMy

BepoHTHoCTb HX 3axBaTa 3JIeKTPOHOaKuenTopHbIMH MOJIeKYJIaMH KPaCHTeJIeH,

TaK)I(e HaxO,llHIUHMHCH Ha nOBepXHOCTH AgHaI, CYIUeCTBeHHO B03paCTaeT:

C,n" f'V ko' c~·CKp; n03TOMY C,n" > Con. E,uHHbIH xapaKTep 3aBHCHMOCTH Con

H C,n" OT E~/~ (pHc.109) n03BOJISIeT YTBep)l(,llaTb [67; 68], qTO caMo,ueceH-

CH6HJIH3aUHH nepBoro THna caMHMH cneKrpaJIbHbIMH ceHCH6HJIH3aTOpaMH,
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06JIaualOIlU1MH CpO.aCTBOM K 3JIeKTPOHy, BnOJIH,epeaJIbHa H npH 3TOM MoxeT

cymecTBeHHO npeBbllIIaTb .aeceHCH6liJIH3aUHIO.

C TO'lKH 3peHHH paCCMOTpeHHoro pa3JIH'IHoro BJIHHHHH .aeceHCH6HJIH3a-

TOpOB Ha Sc H S>. eCTeCTBeHHblM npe.aCTaBJIHeTCH npe.anOJIOXeHHe [84, 67, 68],

'1TO B npoueccax cneKTPaJIbHOHCeHCH6HJIH3aUHH AgHal KpaCHTeJIHMH C HpKO

BblpaxeHHhIMH 3JIeKTPOHoaKl(enTopHb1MH CBOHCi'BaMH, "anpHMep THanOJIH-

Kap60UHaHHHaMH C n ;;:::2 (KaK npaBliJIO, H"eppaxpoMaTH'IeCKHMH ceHCH-

6liJIH3aTopaMH), KpaCHTeJIH B OCHOBHOM COCTORHHH caMH no ce6e .a0JI)KHb!

CHJIbHee BJIHRTb Ha.aonOJIHHTeJIbHYIO '1yBcTBHTeJIbHOCTb, '1eM Ha C06CTBeH-

HylO '1YBCTBHTeJIbHOCTb AgHal. TaKHM 06pa30M, Oi'HOCHTeJIbHbIH KBaHTOBblH

Bb1XO.a CneKTPaJIbHOH CeHCH6liJIH3aUHH, paBHblH !Pr = !PceHC . !PCR' B 3Ha'lH-

TeJIbHOH CTeneHH 3aBHCHT OT !PCR, T. e. OT TeMHOBblX npoueccoB 06pa3oBaHHH

CKpbITOro H306paxeHHH. KaTaJIHTH'IeCKHe npoueccbI caMo.aeceHCH6HJIH3aUHH

I THna, no-cymeCTBY, MOryT onpe.aeJIHTb cneJ(TpaJIbHYIO '1YBCTBHTeJIbHOCTb

epOToMaTepHaJIa. MOXHO BhICKa3aTb npe.anOJIOXeHHe, 'ITb Ha6JIIO.aaeMaH 3KC-

nOHeHUHaJIbHaH 3aBHCHMOCTb 3epepeKTHBHOCTH cneJ(TpaJIbHOH ceHCH6HJIH-

3aUHH OT CHB (pHc.IOO) liJIH OT E~tKp (pHC 102, a) 06YCJIoBJIeHa 3KC-

nOHeHUHaJIbHOH 3aBHCHMOCTbIO caMo.aeceHCH6liJIH3aUHH KpaCHTeJIeH (C.ll>.)
OT E~tKp TUna 3aBHCHMOCTH neceHcH6liJIH3aUHH OT E~tKp (ypaBHeHHe (63)):

IgC.ll>. "" m>.· E~tKP + c".
TIpoueccbl caMoOeceHcu6UAu3au.uu "pacume.tleu II muna no .ablpO'lHOMy

MexaHH3MY npe.aCTaBJIHIOT c060H peKoM6HHaUHIO .ablpOK KpaCHTeJIR C epOTO-

3JIeKTPOHaMH, 3axBalIeHHblMH JIOBYIIIKaMH Ha noBepXHOCTH MHKpOKpHCTaJIJIOB

AgHal. 3TH npoueCCbl HaH60JIee xapaKTepHbl .lVUI J-arperaTo,8 KpacHTeJIeA,

B KOTOPblX .ablpKa TpaHCJIHpyeTcR Ha 3Ha'lHTeJIbHhIe paCCTORHHR. OTJIH'IHe

npoueCCOB .aeceHCH6liJIH3al(HH II THna OT CaMo.aeceHCH6liJIH3aUHH II TUna

COCTOHT B CJIe.aYIOmeM. npouecc .aeceHCH6liJIH3aUHH IlTUna 60JIee MHOro-

CTauHeH. 3TO yCJIOBHO nOKa3aHO Ha pHc.llO. TIPH epOTOB036yx.neHHH AgHal

'1aCTb .nblpOK MoxeT 6blTb 3axBa'leHa Ha nOBepXHocTH MHKpOKpJ1:CTaJIJIa AgHal

KpaCHTeJIeM C 06pa30BaHHeM .ablpOK KpaCHTeJIR, a'lacTb npHMeCHblMH ueHTpa-

NlH - aKl(enTOpaMH .ablpOK (TIUp) (pHc.llO, a). TIpoueccxe caMo.aeceHCH-

6liJIH3aUHH IITHna, nO-BHnHMOMy, 60JIee npOCTOH, TaK KaK .ablpKa KpaCHTeJIR

HeH36eXHO B03HHKaeT npH CneKTPaJIbHOH ceHCH6HJIH3aUHH, T. e. npH nepe-

Hoce 3JIeKTpOHOB OT Kp' Ha AgHal (pHC. 1l0, 6). TaKHM 06pa30M, '1HCJIO

.ablpOK KpaCHTeJIR MoxeT 6b1Tb 60JIblIIHM. TI03TOMY BepORTHOCTb caMo.aeceH-

cH6HJ1H3aUHH TaKXe MoxeT 6blTb 60JIblIIeA, '1eM .aeceHCH6liJIH3aUHH H, KaK

CJIenCTBHe, ee BJIHRHHe Ha cneKTPaJIbHYIO tIYBCTBHTeJ1bHOCTb MoxeT npeBOCXO-

.aHTb BJIHHHHe .aeceHCH6liJIH3aUHH Ha C06CTBeHHYlO CBeTO'IYBCTBHTeJ1bHOCTb.

CJIe.ayeT OTMeTHTb, '1TO eCJIH ypOBeHb CB3 KpaCHTeJIR pacn0J10XeH rny6xe no-

TOJIKa BaJIeHTHOA 30Hbl AgHalliJIH 6JIH30K K HeMy, TO .ablpKa KpaCHTeJIR MoxeT

6blTb HHxeKTHpOBaHa Henocpe.aCTBeHHO B BaJIeHTHylO 30Hy (CM. pHC. 98, z).
XapaKTepHo, ':ITO B OTJIH'IHe OT .aeceHCH6liJIH3aUHH H caMo.aeceHCH6liJIH-

3aUHH I THna, AJIH KOTOpoA Ha6JIIO.aaeTcH JaKOHOMepHaH CBH3b C E~tKp'

.lVUI .aeceHCH6liJIH3aUHH H caMo.aeceHCH6liJIH3aUHH II THna He HaA.!:leHa

6
PRe.ltO. CxeMa npoueeCOB .IleCeHCH6HJIH3aUHH (a) H caMO.lleCeHCH6HJIH3aUHH (6)
KPaCHTeJleA II THna. nu. ~. npHMecHbIA ueRTp - liKUeTITOp 3J1eKTpoHoB; nup -
npHMecHldA ueHTP - liKUeTITop .IlbIPOK; e - !l>oro3J1eKTpoH; P - !l>orO.llb1pKaj
hv - KBaRT cBC:Ta, nOrJIOmaeMbm AgHal; hllKp - KBaRT CBeTa, nornomaeMldH

KPaCHTeJIeM (85)

OT'IeTJIHBaR 3aBHCHMOCTb OT Efi2,Kp' T. e. OT nOTeHUHaJIa .ablPKH KpacH-

TeM [67, 68, 83]. EOJIee TOro, KpaCHTeJIH 6JIH3KOro CTpoeHHR, o6pa3Y-

IOmHe J-arperaTbl C 6J1H3KHMH MaKCHMYMaMH nOrJIOmeHHR H C npaKTH-

'1eCKH paBHblMH Efi2' MOryT cymeCTBeHHO paJJIHlIaTbCR no neCeHCH6liJIH-

3HPYIOmeit cnoc06HocTH H 3epepeKTHBHOCTH cneKTPaJIbHOH CeHCH6liJIH3a-

UHH. 3m HJIJIIOCTpHpyeTcH pHC. III Ha npHMepe 2-x HMH.l:laKap60UHaHH-

HOB Ha AgBr-3MYJlbCHH C KY6H'IeCKHMH MHKpoKpHCTaJIJIaMH [67, 68]. ECJIH

I, I', 3, 3' -TeTpa3TliJI-5, 5' -nHXJIOpHMH.l:laKap60UHaHHHitonH.l:l (Efi2 = 0,55 B;

E~ = -1,73 B, B MeTaHOJIe OTH. H. K. 3.) MaJI03epepeKTHBeH, To.ero aHaJIOr

-1,1'3, 3'-TeTpa3TliJI-5,6, 5', 6'-TeTpaxJIOpHMH.l:laKap60UHaHHHHonHn (Efi2 =
0,60 B; Eri~ = -1,58 B) BbICoK03epepeKTHBeH, XOTR pa3JIH':IHe nOTeHUHa-

JIOB Efi2 CpaBHHTeJIbHO HeBeJIHKO ti.Efi2 = 0,05 B, a 3Ha':leHHe Eri~ AJIH

050HX KpaCHTeJIeA npeBbllliaeT nOTeHUHaJI .aHa 30HbI npoBo.aHMOCTH AgBr

E3n = -1,34 B.

B pa60Tax [67, 68, 591 3epepeKTHBHOCTb caMo.aeceHCH6HJIH3aUHH II THlIa

CBH3aHa He TOJIbKO C ,lHepreTH'IeCKHM, HO, rJIaBHblM 06pa30M, C KHHeTH'IeC-

KaM epaKTOpOM. COrJIaCHO yxe paCCMOTpeHHbIM npe.aCTaBJIeHHHM, npo.ayKTa-

MH cepHHcToit CeHCH6liJIH3aUHH HBJIHIOTCH (Ag2S)n-KJIaCTepbI, 06pa3yxomHeCH

Ha neepeKTax nOBepXHOCTH AgHal. CepHHCTo-cepe6pHHble KJIaCTepbl epOpMH-

PYIOT npHMeCHbIe ueHTpbI (TIU), KOTopbIe B 3aBHCHMOCTH OT n, 3apRna
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PIle. 111. CrreKTpbI OTpIDKeHIDI (a) H KpHBbIe CrreKTpaJIbHOR '1YBCTBHTeJIbHOCTH (6)
AgBr-3MYJIbCHH (KY6bI, f = 0,17 MKM, S+Au-ceHCH6HJIH3auIDI), CeHCH6RJIH3HPOBaH-
HOR 1, 1',3, 3'-TeTpll3TRJI-5, 5'-.lUlXJIOpHMH,llaKap6oUHaHHHHO.lUUlOM (1) H 1, 1',3,3'-
TeTPll3TRJI - 5, 6, 5', 6'-TeTpaXJIOpHMH,llaKap6oUHaHHHHO.lUUlOM (2). KOHueHTpauHH Kpa-

CHTeJIeR 2 . 10-4 MOJIb/MOJIb AgBr [68]

H MeCTa JIOKaJIH3aUHH HMeIOT JIH60 ::lJIeKTPoHoaKUenTopHble (TIUe) , JIH60

,LJ;blpO'lHOaKUemopHble (TIUp) CBoMcTBa. Ha TOM xe nOBepXHocTH AgHal

a,LJ;COp6HPYIOTCH H MOJIeKYJIbI cneKTPaJIbHbIX ceHCH6HJIH3aTOpoB, HeKOTopble

H3 KOTOpbIX caMoopraHH3yIOTcH B ,LJ;OBOJIbHO,npOTjJ)l(eHHble J-arperaTbI.

B COOTBeTCTBHH C KHHeTH'IeCKOM MO,LJ;eJIbIO,LJ;eCeHCH6HJIH3aUHH [67, 68]
npoueCCbI ,LJ;eCeHCH6HJIH3aUHH H oc06eHHo CaMO,LJ;eCeHCH6HJIH3aUHH II THna

,LJ;OJIXHbI cymecTBeHHO 3aBHceTb OT npOCTpaHCTBeHHoro pacnOJIOXeHHH Kp

H ueHTpa peKoM6HHauHH, Ha KOTOpOM JIOKaJIH3YIQTCH <poT03JIeKTPoHbI, T. e.

OT pacnOJIOXeHHH Kp H TIUe. KOHCTaHTa CKOpOCTH ,LJ;eCeHCH6HJIH3aUHH (pe-

KOM6HHauHH) no ,LJ;blpO'lHOMy MexaHH3MY (kD) MoxeT 6bITb onHcaHa ypaBHe-

HHeM:

r,LJ;e 6.E~ - pa3HOCTb 3JIeKTpOXHMIflleCKHX nOTeHUHaJIOB ,LJ;blpKH KpaCHTeJIH

H 3JIeKTPOHa, 3aXBa'leHHoro JIOByiliKOM (npHMecHbIM ueHTpOM) Ha nOBepx-

HOCTH AgHal (6.E~ = E~i2,Kp - Egu.). XapaKTepHO, '1TO B CJIyqae opra-

HH30BaHHblX CHCTeM J-arperaToB, B OTJIHqHe OT CToxacTHqeCKHX CHCTeM,

B KOTOpbIX KpaCHTeJIb HaxO,LJ;HTCH B MOJIeKYJIHpHOM COCTOHHHH, KOHCTaHTa

CKOpOCTH peKoM6HHauHH onpe,LJ;eJIHeTCH He CTOJIbKO 3HepreTHqeCKHM <paKTO-

pOM (6.E~),CKOJIbKO qaCTOTHbIM <paKTOPOM A2, KOTOPbIM HBJIHeTCH <pyHKUHeM

paCCTOHHHH r Me)l(,LJ;y J-arperaTOM H npHMeCHbIM ueHTpOM

3JIeKTPOHOB (TIUe).

ECJIH nepeHOC .D:blpKH KpaCHTeJIH Ha TIUe ocymeCTBJIHeTCH 6e3 yqacnfH

BaJIeHTHOM 30HbI AgHal, aHa nOBepXHOCTH, TYHHeJIbHO no,LJ;6apbepOM IIIHpH-

HOM r, TO <paKTOp A2 '" exp ( - 2r), T. e. OqeHb CHJIbHO 3aBHCHT OT r. KpoMe

TOro, OH CBH3aH C nO,LJ;BHXHOCTbIO ,LJ;blPOK KpaCHTeJIH (f.L) BHYTPH arperaTa.

TIOCJIe,LJ;HHSIonpe,LJ;eJISIeTCSI cTpOeHHeM J-arperaTa H, npe)l(,LJ;e Bcero, Me)l(TIJIOC-

KOCTHbIM paccToSIHHeM Me)l(,LJ;y MOJIeKYJIaMH KpaCHTeJIeM B arperaTe H yrJIOM

HX ynaKoBKH. CJIe,LJ;OBaTeJIbHO, A2 = J(f.L, r).
ECJIH caMoopraHH3aUHSI MOJIeKYJI KpacHTe-

JISI B J-arperaT 3aTpy,LJ;HeHa, TO, KaK yxe OTMeqa-

JIOCb Bblwe, OHa HaqHHaeTCSI Ha ,LJ;e<peKTax no-

BepXHOCTH AgHal, B TOM qHCJIe Ha npHMeCHbIX

ueHTPax (npo.nYKTax XHMHqeCKOM ceHCH6HJIH-

3auHH) (pHC. 112, a). B pe3YJIbTaTe KOHTaKTa J-

arperaTa C TIUe (r -t 0) qaCTOTHbIM <paKTop A2
H CKOpOCTb peKoM6HHauHH k6 B03paCTaIOT,

qTO npOSIBJISIeTCSI B 3HaqHTeJIbHOM CaMO,LJ;eCeH-

cH6HJIH3auHH KpaCHTeJISI. Ha060poT, eCJIH J-

arperaUHSI ocymeCTBJISIeTCSI JIerKO H 06pa30Ba-

HHe arperaTOB B03MOXHO He TOJIbKO Ha ,LJ;e-

<peKTax AgHal, HO H Ha .npymx MecTax, TO

YMeHbiliaeTCSI BepOSITHOCTb KOHTaKTa arperaTOB

C TIUe, paCTeT r (pHc.112, 6) H, KaK CJIe,LJ;-

CTBHe, YMeHbiliaeTCSI CKOpOCTb peKOM6HHauHH.

TIO-BH.nHMOMY, pa3JIHqHe B <pOTorpa<pHqeCKHX

CBOMCTBax 6JIH3KHX no CTpoeHHIO H 3HepreTHKe

HMH.naKap60UHaHHHoB (pHC. 111) CBSI3aHO C TO-

norpa<pHeM 06pa30BaBwHxcSI Ha nOBepXHOCTH

AgHal arperaTOB. B cnyqae 60JIee CHMMeTpHq-

HOro 5, 5', 6, 6' -TeTpaxJIOpHMH,LJ;aKap60uHaHHHa

J-arpempoBaHHe ,LJ;OJI)l(HO 6bITb 06JIerqeHO H,

TaKHM 06pa30M, BepOHTHOCTb KOHTaKTa arpera-

TOB C TIUe YMeHbilieHa.

Eme pa3 CJIe,LJ;yeT OTMeTHTb, qTO BepOHTHOCTb caMo.neceHCH6HJIH3aUHH

II THna, 3aBHCSImaSI OT CTpoeHHSI KpaCHTeJIH, orpaHKH MHKpOKpHCTaJIJIOB

AgHal, pAg H .npymx 3MYJIbCHOHHbIX <paKTOpOB, MoxeT 6bITb cymecTBeHHO

60JIbIIIeM, qeM .neceHCH6HJIH3aUHSI, B pe3YJIbTaTe qero OHa MoxeT B 3HaqHTeJIb-

HOM CTeneHH onpe,LJ;eJIHTb 3<p<peKTHBHOCTb cneKTPaJIbHOH ceHCH6HJIH3aUHH

AgHal arpempyIOmHMHcSI KpaCHTeJIHMH.

<b------------J
AgHal

PIle. 112. CxeMa npoueCCOB
caMO.ll.eCeHCH6HJIH3auHH J -ar-
peraTOB KpaCHTeJIeR no .lI.blpO'l-
HOMy MeXaHH3My. rru. - rrpH-
MecHbdt ueHTp -- aKUenTOp
3J1eKTpOHOB; e -- <pOT03JIeK-
TpOH; p - <pOTO.ll.bIpKa; hl/Kp -
KBaHT CBeTa, rrOrJIoruaeMbIR
J-arperaToM KpaCHTeJIH [68]

§ 16. npou;eCCbI cynepceHCH6HJlH3aU;HH
TIO,LJ;npo~eCCOM cynepceHcu6UAU3a~uu nOHHMaIOT YBeJIHqeHHe 3<p<peKTHB-

HOCTH CneKTPaJIbHOM ceHCH6HJIH3aUHH no,LJ;.neMCTBHeM .nonOJIHHTeJIbHO BBO-



JlHMbIX B <poTorpaqmqeCKYIO 3MYJlbCHIO COeJlHHeHHH - cynepceHCH6HJlH3a-

TOpOB [52, c.287; 1, c.265; 86]. B OTeqeCTBeHHOH JlHrepaTYPe nOBbIIlleHHe

CneK'rpaJIbHOH qYBCTBHTeJlbHOCTH BeIUeCTBaMH, He HBJUlIOIUHMHCH KpaCHTe-

JlHMH, qaCTO Ha3bIBaIOT aKmu6at4UeU [9, c.344; 87]. TIPH 3TOM, KaK npaBHJlO,

aKTHBaTOpbI npHMeHHIOT B KOJlHqeCTBaX, 3HaqHTeJlbHO (B COTHH-TbICHqH

Pa3) npeBOCXOJlHIUHX KOJlHqeCTBO KpaCHTeJlH. BonpocbI cynepceHCH6HJ1H-

3al.(HH AgHal-<poToMarepHaJIoB OTHocnTCH K qHCJlY HaH60Jlee HHTepecHblx

H BaxHbIX BonpOCOB CneK'rpaJIbHOH ceHCH6HJlH3aI.(HH. 3T0 onpeJleJlHeTCH,

Bo-nepBblx, npaKTHqeCKOH 3HaqHMOCTbIO cynepceHCH6HJ1H3al.(HH KaK MeTOJla

nOBbIIlleHHH CBeTOqYBcTBHTeJlbHocTH <poTorpa<pHqeCKHX CJloeB H, BO-BTOpbIX,

TeM, qTO cynepceHCH6HJlH3al.(HH - OJlHa H3 npHHI.(HnHaJIbHbIX np06J1eM Te-

OpHH <pOTorpa<pHqeCKoro npol.(eCca, He HaIlleJlIllHX JlO HaCTOHIUero BpeMeHH

JlOCTaTOqH'O nOJlHoro 06'bHCHeHHH.

51BJ1eHHe cynepceHCH6HJ1H3aI.(HH 6bIJIO OTKpbITO B 1920 r. BJlOXOM H PeH-

BHKOM [88], KOTopble nOKa3aJIH 3HaqHTeJlbHoe cynepceHcH6HJ1H3HPYIOIUee

JleHCTBHe aypaMHHa (JlH<peHHJlMeTaHOBbIH KpaCHTeJlb) Ha CJlOH, ceHCH6HJ1H-

3HP0BaHHble Pa3JlHqHbIMH I.(HaHHHaMH. 113BecTHo, qTO cynepceHCH6HJ1H3aI.(HH

Ha6J1IOJlaeTCH npH OqeHb MaJIbIX KOHl.(eHTpal.(HHX Jl06aBOK - nOPHJlKa 10-4

MOM cynepceHCH6HJlH3aTOpa Ha MOJlb KpaCHTeM, OJlHaKO 3<p<peKTHBHOCTb

cynepceHCH6HJlH3a1.(HH, KaK npaBHJlO, MaKCHMaJIbHa npH MOJlbHbIX OTHOIlle-

HHHX cynepceHCH6HJlH3aTOpa K KpaCHTeJlIO OT 1 : 20 JlO 1 : 1 JlH60 npH

3HaqHTeJlbHO npeBOCXOJlHIUHX (OT 100: 1 JlO 1000: 1) KOJlHqeCTBaX cynepceH-

cH6HJ1H3aTOpa [87, 89].

KaKOBbI COBpeMeHHble npeJlCTaBJIeHHH 0 MexaHH3Max cynepceHcH6HJ1H-.

3aI.(HH?

CJleJlyeT OTMeTHTb, qTO npOJlOJDKHTeJlbHOe BpeMH HCCJleJlOBaHHH npOl.(ec-

COB JleCeHCH6HJ1H3al.(HH H cynepceHCH6HJlH3al.(HH 6bIJIH B 3HaqHTeJlbHOH Mepe

pa306IUeHbI. B I.(HKJle pa60T llIanHpo [67, 68, 59] H3JlO:lKeHa 0606IUeHHu

XHMHqeCKU KOHl.(enl.(HH npOl.(eCCOB CneK'rpaJIbHOH CeHCH6HJ1H3aI.(HH. B HeH

oc060e BHHMaHHe YJleJleHO BTOPHqHbIM peaKI.(HHM OKHCJleHHH cepe6pHHbIX qa-

CTHI.( - npOJlyKTOB nepBHqHoro ceHCH6HJlH3HpOBaHHoro <pOToBoCCTaHOBJIe-

HHH AgHal, B KOTOpbIX KpaCHTeJlb HJlH ero JlbIpKa HrpaIOT POJlb KaTaJIH3aTOpa

OKHCJleHHH. Peqb HJleT 06 yxe paCCMOTpeHHbIX npOl.(eccax CaMOJleCeHCH-

6HJ1H3al.(HH I H II TUnOB. B XHMHqeCKOH TeopHH cneK'rpaJIbHOH ceHcH6H-

JlH3al.(HH npOl.(eCCbI cynepceHcH6HJlH3al.(HH paccMaTpHBaIOTcH KaK npOl.(eCCbI

TOpMO:lKeHHH (HHrH6HpOBaHHH) BTOPHqHbIX peaKI.(HH CaMOJleCeHCH6HJ1H3al.(HH

KpaCHTeJleH.

):LnH npOl.(eCCOB CaMOJleCeHCH6HJlH3aI.(HH I THna B03MO:lKH0 TOpMO:lKeHHe

peaKl.(HH Ha CTaJJ;HHX I-VII cxeM ((69), (62)) [67,68, 89]. ):LnH HHrH6HpOBa-

HHH CTaJJ;HHIMOJleKYJlbI KpacHTeJlH JlOJl:lKHbI 6bITb OTJleJleHbI OT nOBepXHOCTH

AgHal, Ha Jle<peKTax KOTOpOH MO:lKeT npOHCXOJlHTb 3aXBaT <p0T03J1eKTpoHoB

OT Kp·. Pe% HJleT 0 cBoe06pa3HoH H30JIHI.(HH KpaCHTeJIH OT AgHal, KOTO-

paH, OJlHaKO, He JlOJI:lKHa npenHTCTBOBaTb nepeHOCY 3JIeKTpOHa OT Kp', T. e.

Me:lKJlY KpaCHTeJIeM H AgHal JlOJI:lKHa 6bITb C03JlaHa «npOKJIaJJ;Ka,) MOJIeKY-

JIHpHbIX pa3MepOB, KOTopaH JlOCTaTOqHO npOHHl.(aeMa JlJIH <pOTOB036yXJleH-

HbIX 3JIeKTpOHOB (B03MO:lKH0 no TYHHeJlbHOMY MeXaHH3MY) H HenpOHHl.(aeMa

JlJIH 3JIeK'rpOHOB, 3axBaqeHHbIX JIOByIllKaMH Ha nOBepXHOCTH AgHal. TIOJl06-

HU H30JIHI.(HH BaxHa JlJIH yCTpaHeHHH peaKl.(HH peKOM6HHal.(HH 3JIeK'rp0-

HOB C KaTHOH-paJJ;HKaJIaMH KpaCHTeJIeH. ):LnH HHrH6HpOBaHHH peaKI.(HH C O2

H npOTOHaMH Ha CTaJJ;HHX II, III H V cxeMbI (62) nepcneKTHBHa H30JIHI.(HH

MOJIeKYJI KpaC"TeJIH, aJJ;COp6HpoBaHHblx Ha AgHal, OT 02 H H20 rHJlPo<p06-

HbIMH OpraHHqeCKHMH COeJlHHeHHHMH, BBOJlHMbIMH Ha CTaJJ;HH nOJIyqeHHH

<pOTorpa<pHqeCKHX 3MYJIbCHH.

3apaHee MO:lKHO nOJlaraTb, qTO JlJIH C03JlaHHH «npOKJIaJJ;KH') Me:lKJlY AgHal

H Kp He06xoJlHMbI opraHHqeCKHe BeIUeCTBa, XOpOIllO aJJ;COp6HpYIOIUHeCH

Ha AgHal, HanpoTHB, coe.u.HHeHHH HHrH6HpYIOIUHe peaKl.(HH Ha CTaJJ;HHX II,
III H V, He JlOJI:lKHbI CHJlbHO aJJ;COp6HpOBaTbCH Ha AgHal, OJlHaKO OHH JlOJI:lK-

HbI 6bITb B JlOCTaTOqHOH CTeneHH rHJlPO<p06HbIMH, T. e. cnoc06HbIMH npH

BBeJleHHH B BOJlHO-:lKeJIaTHHoByIO cpeJlY BbICa:lKHBaTbCH Ha MHKpOKpHCTaJIJIax

AgHal H C03JlaBaTb cBoe06pa3HYIO 060JIoqKY (<<Illy6y»), 3aIUHIUaIOIUYIO KpaCH-

TeJIb OT 02 H H20. HaKOHel.(, JlJIH TOpMO:lKeHHH CTaJJ;HH VI H VII, CBH3aHHblX

C peKOM6HHal.(HeH 3JIeK'rpOHOB C Kpt, He06xoJlHMbI cynepceHCH6HJIH3aTOpbI,

cnoc06Hble BOCCTaHaBJIHBaTb JlbIpKH KpaCHTeJIH, T. e. BOCCTaHOBHTeJIH.

TIpHMeHeHHe BeIUeCTB, aJJ;COp6HPYIOIUHXCH Ha AgHal, B KaqeCTBe cynep-

CeHCH6HJ1H3aTOpoB <l>OTorpa<pHqeCKHX coeJlHHeHHH XOpOIllO H3BeCTHO. K HHM

OTHOCHTCH nOTeHI.(HaTOpbI PHcTepa - COeJlHHeHHH, COJlep:lKaIUHe MepKanTO-

rpynny H 06pa3YIOIUHe CBH3b R-S- ... Ag+ C nOBepXHocTHbIMH HOHaMH cepe6-

pa [86, 89]. B nareHTHOH JIHTepaTYPe onHcaHO cynepceHcH6HJlH3HpyIOIUee

JleHcTBHe Ha HH<ppaxpoMaTHqeCKHe CJIOH 6Hc-TpHa3HHHJIaMHHOnpOH3BOJlHbIX

CTHJlb6eH-O, 0' -JlHCYJIb<POKHCJlOTbI [86, 89]. IlIHpoKo npHMeHHeTcH. COeJlHHe-

HHe CTpoeHHH:

PhO--(N'y-NH-q-. CH=CHVNH-(N)-OPh

N,&lN - - N~NY S03Na Na03S I
O~ O~

1130JIHPYIOIUHH MexaHH3M JleHCTBHH TaKHX COeJlHHeHHH nOKa3aH Ha

pHc.113. ComacHo pHC. 113 coeJlHHeHHH TaKoro TUna, HMeIOIUHe ITJIOCKOe

CTpoeHHe, aJJ;COp6HPYIOTCH CBOHMH SO) rpynnaMH Ha nOBepXHOCTH MHKpO-

KpHCTaJIJIa AgHal H reM caMbIM C03JlaIOT npoKJIaJJ;KY Me:lKJlY AgHal H Kp. TaK

:lKe no H30JIHI.(HOHHOMy MexaHH3MY JleHCTBYIOT HeKOTopble OpraHHqeCKHe CO-

eJlHHeHHH, cnoc06Hble K KOMnJIeKC006pa30BaHHIO C HOHaMH Ag+, HanpHMep,

TpHapHJI<poc<pHHbI [67, 68], KOTopble npH aJJ;COp6I.(HH Ha AgHal 06pa3YIOT

CBH3b C Ag~OB' B KaqeCTBe npHMepa MO:lKHO npHBeCTH npHMeHHeMbIH cynep-



PHe.1l3. CXeMa cynepceHCH6HJIH3HpY1OmerO .lleHCTBHJIOpraHH'iecKoro cynepceHCH-
6HJIH3aTOpa (C) no Mexaim3MY H30JIJIUHH KpaCHTeJIJI (Kp) OT AgHal

Cpe~H rmlPO<l>06HbIX coe~HHeHHH no~p06HO H3yt1eHbI, TaK Ha3bIBaCMble,

HHTPOHbI CTPoeHHH:

o-CH-~!~
RI R2

r~e RI H R2 - pa3JIHqHble 3aMeCTHTeJIH.

IIoKa3aHo, qTO BBe~eHHe KaK Mcop6HPYIOUlHXCH cynepceHCH6HJIH3aTO-

pOB (cynepceHcu6U1lU3amop08 l-.w poaa), TaK H r~po<!>06HbIX coe~HHeHHH

(cynepceHcu6U1lU3amop08 2-20 pooa) npHBo~HT K 3HaqHTeJIbHOMY POCTY cneK-

TPaJIbHOH qYBcTBHTeJIbHOCTH 11K -CJIoeB, ceHCH6HJIH3HPOBaHHbIX THaTPH -,

TeTPa- H neHTaKap60UHaHHHaMH [67, 68]. Ha pHC. 114 B KaqeCTBe npHMepa

npHBe~eHbI KPHBble CneKTPaJIbHOH qYBCTBHTeJIbHOCTH <!>OTOCJIoeB, ceHCH-

6HJIH3HpOBaHHblx THaTPHKap60UHaHHHoM. BBe)leHHe cynepceHCH6HJIH3aTOpa

1-ro po~a - ~HHaTPHeBOH COJIH n, n'-6Hc(4,6-)lH<!>eHoKcH-l,3,5-TPHa3HHHJI-

2-aMHHo)-CTHJIb6eH-0, 0' -)lHCYJIb<!>OKHCJIOTbI (C-l, KpHBaSl 3) H cynepceHcH-

6HJIH3aTOpa 2-ro po~a - C,N-~H<!>eHHJIHHTPOHa (C-2, KpHBaH 2) no OT)leJIb-

HOCTH npHBo)lHT K nOBbIllIeHHIO CneKTPaJIbHOH qYBcTBHTeJIbHocTH. KOMno-

3HUHH cynepceHCH6HJIH3aTOpOB C-l + C-2 o6YCJIaBJIHBaeT cynepaMHTHBHbIH

pOCT qYBCTBHTeJIbHOCTH (KPHBaH 4). AHaJIOrHqHaSl KapTHHa Ha6JIIO~aeTCH MH

CJIOeB,· CeHCH6HJIH3HpOBaHHblx THaTeTPa- H neHTaKap60UHaHHHaMH. HaJIH-

qHe cBepXaMHTHBHoro 9<!><!>eKTaMH KOMn03HUHH cynepceHCH6HJIH3aTOpOB

)lByx THnOB - Mcop6HPYIOUlHXCH H cJIa60 aJJ:COp6HPYIOUlHXCH Ha AgHal -

MO)l(HO paccMaTPHBaTb KaK pe3YJIbTaT ~eHcTBHH BeUleCTB Ha nOCJIe~OBaTeJIb-

HbIX CTMHHX npouecca caMo~eceHCH6HJIH3aUHH KPaCHTeJIH, npe~CTaBJIeHHoro

B B~e cxeMbI (62). YCJIOBHO 9TO nOKa3aHO Ha pHC. 115. CynepceHCH6HJIH-

3aTop C-l OT)leJIHeT KPacHTeJIb OT AgHal, 6JIaro)lapSi 'ieMy YMeHbllIaeTcH
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PHe.1l4. KpHBbIe CneKTpaJIbHoil: 'iYJlCTBHTeJIbHOCTH AgBr(I)-3MYJIbCHH, ceHCH-
6HJIH3HpoBaHHOil: 3, 3' -.llH3THJI-1 0, 12-TPHMeTHJIeHTHaTPHKap6oUHaHHHHoJJ:H.llOM (1)
H B npHCYTCTBHH C, N-.llHcj>eHHJIHHTpoHa C-2 (2), .llHHaTPHeBOH COJIH n, n' -6HC(4,6-
.llHcj>eHoKcH-l,3,5-TpHaJHHHJI-2-aMHHo)-cTHJIb6eH-0, 0' -.llHCYJIbcj>OKHCJIOTbIC-l (3)

H KOMn03HUHH C·l + C-2 (4). KOHueHTPauHJI KpaCHTeJIJI 2· 10-4, cynepceH-

CH6HJIHJaTOPOB1 . 10-2 MOJIb/MOJIb AgHal (67)

)lOM 9JIeKTPoHoB fl, 3axBaTbIBaeMbIX )leCeHCH6HJIH3aTOpoM (D), B ~aH-

HOM CJlY'Iae caMHM 9JIeKTPOHoaKUenTOpHbIM KpaCHTeJIeM B OCHOBHOM co-

CTOHHHH C 06pa30BaHHeM npO)lyKTOB )leceHCH6HJIH3aUHH. .!lOJIH TepHeMbIX

9JIeKI1>OHOB CTaHOBHTCH MeHbllIeH - !J . 12, H CBeTOqYBCTBHTeJIbHOCTb,

nponOpUHOHaJIbHaH )lOJIe OCTaBllIHXCH 3JIeKTPOHOB (1 - fl . h), B03paCTa-

eT OT 80 = m(l - fl) ~o 81 = m(l - fl . h). AHaJIOrHqHoe BJIHHHHe

Ha BeJIHqHHY TepHeMblX 9JIeKTPOHOB OKa3bIBaeT cynepceHCH6HJIH3aTOp C-2,

H30JIHPYIOIUHH Kp OT 02 H H20 H TeM caMbIM npenHTcTByIOIUHH 06pa30BaHHIO

npO)lyKTOB ~eCeHCH6HJIH3auHH. 3HaqeHHe CBeTOqYBcTBHTeJIbHOCTH B03pacTa-

eT)lO 82 = m(l - fl' fJ). IIpH nOCJIe)lOBaTeJIbHOM ~eHCTBHH C-l H C-2 ~OJIH

TepHeMblX 9JIeKTPOHOB MHHHMaJIbHa fl ·12· fJ, a CBeTOqYBCTBHTeJIbHOCTb MaK-

CHMaJIbHaSi 83 = m(l- fl' 12·fJ) [67,68]. K09<!><!>HUHeHT cynepceHCH6HJIH3a-

UHH (Kc) HH<!>paxpOMaTHqeCKHX CJIoeB, paBHbIH OTHOllIeHHIO cneKTPaJIbHOH

qYBCTBHTeJIbHOCTH CJIOeB C cynepceHCH6HJIH3aTOpaMH K CBeTOqYBCTBHTeJIbHO-

CTH C O)lHHM KPaCHTeJIeM, M<)XeT )lOCTHraTb HeCKOJIbKHX )leCHTKOB e)lHHHU.

HaKoHeu, B KaqeCTBe cynepceHCH6HJIH3aTOpOB-BoccTaHOBHTeJIeH, )leHcTBYIO-

lI.(HX Ha CTMHHX VI H VII cxeMbI caMo~eceHCH6HJIH3aUHH I THna, onHca-

HO npHMeHeHHe OpraHHqeCKHX BeUleCTB C BOCCTaHOBHTeJIbHbIMH <!>YHKUHH-

MH [6. I1.11IanHpo, )l(ypH. HaytlH. H npHKJI. <!>OTOrp., 1996, T.41, N2 2, c.71].

,UnH HHrH6HpOBaHHH npoueCCOB ~bIPOqHOH caMo~eceHCH6HJIH3aUHH

II THna B03MOXHbI no KpaHHeH Mepe TPH nYTH: 1) 3axBaT )lblpKH KpaCHTeJISl

cynepceHCH6HJIH3aTOpoM, 2) «H30JIHUHH~ ~blPKH OT npHMecHoro ueHTPa-

aKUemopa <!>oT09JIeKTPQHOB (IIU.) H 3) peryJIHpOBaHHe npouecca arpera-

UHH TaKHM 06pa30M, qT06bI HCKJIIOqHTb B03MOXHOCTb KOHTaKTa arperaTa

C IIU. [59].
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Pac. US. CxeMa cynepceHCH6HJIH3lUUfH <lx>'rorpa4>H'ieCKHXAgHal-cnoeB, CneKTp8nb-
HO CeHCH6HJIH3HPOBaHHhIXKPacwreneM Kp, C HH,llHBH.llY8nbHblMHOpraHH'l:eCKHMH
cynepceHCH6HJIH38TOpaMH(C-l, C-2) H HX KOMn03HUHcA (C-t + C-2). D - aKllen-
TOp 3nCKTpOHOB,f - .IlOnJlTCpRCMWX<Ix>'ro3nCKTpOHoilnpH .IleCeHCH6HnH3auHH[67]

MexaHH3M 3aXBaTa JJ;blpKH KPaCHTeJUI cynepceHCH6HJ1H3aTOPOM (ycnoBHo
tlBOCCTaHOBHTenbHbl't. MexaHH3M) no.n;p06Ho paccMO'rpeH ll. fHJIbMaHOM [86].
oH HaH60nee xapaKTepeH JJ;JUIJ-arpempYJOIIlHxcR Iq>aCHTeneA, JJ;blpKa KOTO-
PblX MoxeT nepeMeIllaTbCSI Ha 3Ha'lHTenbHble paCCTOSlHHSI no arperaTy. Rp-

KHA npHMep cynepceHcH6HnH3HpylOIIlero JJ;eAcTBHR CTHpHJIbHOro OCHOBaHHSI
2-( n-JJ;H3THJlaMHHOCTHPHJI)6eH3THa30na (XXIV):

Ha 1, 1'-JJ;H3THJI-2, 2' -UHaHHHAoJJ;HJJ;, HaxOJJ;RIIlHAcR Ha nOBepXHOCTH AgHal
B J-arpempoBaHHoM COCTOSlHHH, npHBeJJ;eH B pa60Tax [90, 91]. llpH He3Ha-
'IHTenbHOM H3MeHeHHH nonOCbl nomOIlleHHR CBeTa J-arperaToM B npHCYT-
CTBHH cynepceHcH6HJ1H3aTOpa Ha6nlOJJ;ancH pe3KHA pOCT <l>OTorpa<l>H'IeCKOA
'IYBCTBHTenbHOCTH (6onee qeM B 10 Pa3). H3MepeHHH <l>OTonpOBOJJ;HMOCTH
<l>OTorpa<l>HqeCKHX cnoeB nOKa3anH TaKJKe 3Ha'lHTenbHblA pOCT ee npH nomo-
IIleHHH CBeTa B J-nonoce, qTO HBHJlOCb npHMblM CBHJJ;erenbCTBOM yBenH'IeHHH
KBaHTOBOro BblXOJJ;a 3neKTpoHOB H3 Kp· B 30Hy npoBOJJ;HMOCTH AgHal [90].
3TH pe3ynbTaTbI HnnlOCTPHpYIOTCH pHc.116 [90]. ComacHo BecTy H K3P-
ponny [91] npH <l>OToB036yx.n;eHHH J-arperaTa' B HeM 06pa3yeTcR 3KCHTOH,
CKOPOCTb pacnpocTPaueHHH KOTOPOro no cnOIO KPaCHTenR CTOOb BenHKa, 'ITO
nepeJJ;a'la 3neKTpoHa B 30Hy npoBOJJ;HMOCTH AgHal MoxeT 6bITb 3aTPYJJ;HeHa.
l103TOMY B036yx.n;eHHe TepHeTCH nH60 nyreM TennoBOA JJ;erpa.n;aUHH 3HepmH,

Pac.1l6. CynepceHCH6HnH3auHR 4>ororpa4>H'l:ecKoA H <lx>'r03nCKTpH'iCCKOA'iYBCTBH-
TenbHOCTH[52, c.279]. CeHCH6HnH38TOP1, 1'-.IlH3THn-2, 2'-UHaHHHHO.llH.ll, cynepceH-
CH6HnH38TOP2-(n-.IlH3THnaMHHOCTHPHn)6eH3THa3On. KpHBble: 1 - TMbKO ceHcH6H-
nH3aTop, 2 - CeHCH6HnH38TOpH cynepceHCH6HnH38TOP



JIH60 nyreM <pJIyopecueHUHH KpaCHTeml. npH .ll06aBJIeHHH cynepceHCH6H-

JIH3aTOpa H npH BKJIIO'IeHHH ero B J-arperaT C03.llaIOTCjI npenjlTCTBHjI .llJIjI

.llBHJKeHHjI 3KCHTOHa. TaKHM 06pa30M, cynepceHCH6HJIH3aTOp HrpaeT POJIh

JIOBylliKH 3KCHTOHa. EJIaro.llapjl 3axBaT}' 3KcHroHa Ha JIOBylliKe B03paCTaeT

aepOjlTHOCTh nepeXO.lla 3JIeKTPOHa B AgHal. EOJIee .lleTaJIhHO 3TO jlBJIeHHe

6hIJIO paCCMOTpeHO OOhMaHOM [86].

ComaCHO [HJIhMaHY cynepceHCH6HJIHJaUHjI CBO.llHTCjI K OKHCJIeHHIO <p0-
+

TOB036YJK./leHHbIM KPaCHTeJIeM Kp· HJIH .llblPKOH KPaCHTeJIjI (Kpj ) cynepceH-

CH6HJIH3aropa (C) no peaKUHH «71) H (72» H TeM caMblM K nepeJIOKaJIH3aUHH

.llhlpKH Ha cynepceHCH6HJIH3aTop.

Kp· + C ~ Kp: + ct (71)

Kp; + C ~ KPI +ct (72)

npH cynepceHCH6HJIH3HJaUHH no peaKUHH (71), T.e. npH B3aHMO.lleH-

CTBHH Kp· C C 06pa3yeTcjI aHHoH-pa.nHKaJI Kp:. TaK KaK ypOBeHb CHB

3JIeKTPoHa B Kp: Bblllle, 'IeM B Kp· Ja C'IeT MeJK3JIeKTPoHHoro OTTaJIKHBaHHjI

JIHlllHero 3JIeKTPOHa, yaeJIH'IHBaeTCjI aepOjlTHOCTb nepexo.na 3JIeKTPOHa B 3n

AgHal H, KaK CJIe.llCTBHe, <pOTonpOBO.llHMOCTb H 3<p<peKTHBHOCTb ceHcH6H-

JIH3aUHH. npH cynepceHCH6HJIH3auHH no cxeMe (72) 6JIaro.llapjl Y.llaJIeHHIO

.llblpKH KPaCHTeJIjI YMeHblllaeTCjI BepOjlTHOCTb peKoM6HHaUHoHHblX npouec-

COB H, CJIe.llOBaTeJIbHO, TaKJKe MOJKeT B03paCTaTb KaK <pOTonpOBO.llHMOCTh,

TaK H SA. J(.rrjl cynepceHCH6HJIH3aUHH no .llbxpO'lHoaKUenTopHoMy MexaHH3MY

He06xo.llHMO, 'ITOObl cynepceHCH6HJIH3aTOp OKHCJljIJICjI JIerqe, 'IeM KPaCHTeJIb.

TaKHM 06pa30M, yCJIOBHe cynepceHCH6HJIH3auHH MOJKHO BbIpa3HTb B BH./le:

EOX EOX [86]
1/2,C < 1/2,Kp •

«liJ.30JIjlUHOHHbIH~ MexaHH3M cynepceHCH6HJIH3aUHH [67, 68] 3aKJIIO'Ia-

eTCjI B H36HpaTeJIbHOH a.nCOp6UHH OpraHH'IeCKHX coe.llHHeHHH Ha nUe, KaK

npaBHJIO, Ha Ag2S..:ueHTPax, B H30JIjlUHH J-arperaroB OT nUe H B YMeHhllleHHH

TeM caMblM BepOjlTHOCTH peKoM6HHaUHoHHbIX npoueCCOB. 3TO CXeMaTH'IeCKH

nOKa3aHO Ha pHC. 117. no «H30JIjlUHOHHOMY~ MexaHH3MY MOryr pa60TaTb

cynepceHCH6HJIH3aropbl, KOTopble OKHCJIjlIOTCjI TPY.llHee, 'IeM KPaCHTeJIH ceH-

cH6HJIH3aTOphl, T. e.

Efh,c > Efi2,Kp [59].
B Ka'leCTBe cynepceHCH6HJIHJaTOPOB TaKoro p0.lla MOryr npHMeHjlTbCjI pa3JIH'I-

Hble reTepOUHKJIH'IeCKHe coe.llHHeHHjI, HMeIOIUHe H36HpaTeJIbHYIO a.nCOp6UHIO

Ha Ag2S-ueHTPax H, npeJK./le Bcero, H3BeCTHblH Crn6HJIHJaTOp 4-rH.llpOKCH-6-

MeTHJI-I,3,3a,7-TeTPaaJaH./leH (III), H3BecTHbIH no.ll Ha3BaHHeM cma-COAU.
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PHc.117. CxeMa HHfH6HpoBaHIDl caMO.lleCeHCH6HJIH3aUHH II THna cynepceHCH6HJIH-

3aTopOM C no «H30JIjlUHOHHOMY" MexaHH3MY

)leifcTBHe CTa-COJIH B Ka'leCTBe cTa6HJIH3aropa <poTorpa<pH'IeCKHX 3MyJIb-

CHH, CBjl3aHHoe TaKJKe co cneUH<pH'IeCKOH a.ncop6UHeH Ha Ag2S-ueHTPaX,

6Y.lleT paCcMOTpeHO B pa3.lleJIe no cTa6HJIH3aUHH 3MYJIbCHH.

CynepceHCH6HJIH3HpYIOlUee .lleHCTBHe OKa3bIBaIOT nypHHoBble OCHOBa-

HHjI, HanpHMep, ryaHHH H a.neHHH. BJIHjlHHe HX H CTa-COJIH Ha .lleCeHCH6HJIH-

3HPYIOlUHH 5,5'-.llHXJIOpHMH./laKap60UHaHHH nOKa3aHO Ha pHC. 118. 3<p<peK-

THBHblMH cynepceHCH6HJIH3aTOpaMH «H30JIHpYIOlUero~ THna jlBJIjlIOTCjI HeKO-

Topble MOHOMeTHHUHaHHHbl, HanpHMep, npocTeHlllHH THaMOHOMeTHHUHaHHH

CTPoeHHjI (XXV). CynepceHCH6HJIH3HPYIOlUee .lleHCTBHe MOHOMeTHHUHaHH-

HOB Ha CJIOH, ceHCH6HJIH3HpOBaHHbIe 5, 5' -.llHXJIOpHMH./laKap60UHaHHHoM,

nOKaJaHO Ha pHC. 119.

Q;~CH~-:O
I I

C2Hs 1- C2Hs
XapaKTepHO, 'Iro O.llHOBpeMeHHa1I peaJIH3aUHjI .llByx paCCMOTpeHHbIX cno-

C060B HHfH6HpOBaHHjI CaMO.lleCeHCH6HJIH3aUHH II THna npHBO.llHT K CBepx-

a.n.llHTHBHOMy POCT}' CBeTO'lYBCTBHTeJIbHOCTH [67, 68]. 3ro HJIJIIOCTPHpyeT-

CjI pHc.120. Bae.lleHHe B <pororpa<pH'IeCKHH CJIOH, CeHCH6HJIH3HpOBaHHblH

MaJI03<p<peKTHBHbIM I, I' -.llH3THJI-2, 2' -xHHoUHaHHHO.llH./lOM, JIerKO OKHCJIjI-

eMoro CTHpHJIbHOro OCHOBaHHjI 2-(n-.llHMeTHJIaMHHOCTHpHJI)-6eH3THa30JIa,

KOTOpblH pa60TaeT no MexaHH3MY 3axBaTa .llblpOK ThJIbMaHa, Bbl3blBaeT pOCT

CneKTPaJIbHOH 'IYBCTBHTeJIbHOCTH (KPHBa1I 3). TpY.llHO OKHCJIjleMblH CeJIeHa-

MOHOMeTHHUHaHHH TaKJKe cnoc06cTByeT pOCT}' 'IyBcTBHTeJIbHOCTH (KPHBa1I 2).

J(.rrjl KOMn03HUHH TPY.llHOOKHCJIjleMoro CeJIeHaMOHOMeTHHUHaHHHa H JIerKO-

OKHCJIjleMoro CrnpHJIhHoro OCHOBaHHjI Ha6JIIO.llaeTCjI 3<p<peKT, 3Ha'lHTeJIb-

HO npeBocxoMIUHH 3<p<peKTbI .llJIjI HH.llHBH./lYaJIbHbIX coe.llHHeHHH (cp. KPH-

Bble 2, 3 H 4).
CBepxa.n.llHTHBHhIH 3<p<peKT cynepceHCH6HJIH3aUHH CJIyJKHT onpe.lleJIeH-

HblM .llOKaJaTeJIbCTBOM pa3JlH'IHOro MexaHH3Ma cynepceHCH6HJIH3aUHH <POTO-

rpa<pH'IeCKHX CJIoeB coe.llHHeHHjlMH 2-x THnOB Ha nOCJIe.llOBaTeJIbHbIX CTa.nHjlX

.llhlPO'lHOH CaMOCeHCH6HJIHJaUHH KpaCHTeJIeH. npH 3roM npOHCXO.llHT JIH60
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PIle. US. KpHBwe cneKTP8JIhHoA 'l}'BCTBHTeJIbHOCTHAgBr-3MYJlhCHH CeHCH6HJ1H3H-

•• 1 l' 3 3" ,poBaHHO.. , , , -TeTpa3THJI-5,5 -JnOOIOPHMH,Il8Xllp60UHaHHHHO.llH.llOM(Kp-l) 003
cynepceHCH6HJ1H3aTOpa (1), C ryauHHOM (2), lI.lleHHHOM(3) H CTa-COJJJ>IO(4). KOHlleH-
TP8llIfJI KpaCHTeJIJI 2· 10-4, cynepceHCH6HJ1H3aTOPOB 3· 10-3 MOJlb/MOJIbAgBr (59)

1,0
400

~, HM

PIIe.1l9. KpHBwe cneKTP3JlbH~A qyBCTBHTeJlbHOCTHAgBr-3MYJlhCHH, ceHCH6H-
JlH3Hpo~oA Kp-l (2· 10-) 003 cynepceHcH6HJ1H3aTOpa (1), B npHcyr-
CTBHH 3, 3 -.IlH3THJICeJIeHaMOHOMeTHHUHaHHHHO.llH.ll8(2) H 3, 3' -.IlH3THJlTHaMOHOMe-
THHllHaHHHHO.llH.ll8(3). KOHlleHTp811IDl KpaCHTeJIeA-cynepceHCH6HJ1H3aTOPOB 4· 10-4
MOJIb/MOJlbAgBr [59]

nepBOHa'laJIbHhlA 38XBaT ,lJ;hIpOK KPacHTeJl11 JlerKOOKHCJUlIOlllHMCR cynepceH-
CH6HJ1H~TOPOM C-4 H' nOCJle,lJ;YIOlllaR H30JUIUHR OCTaBWHXCR ,lJ;hIpOK OT cPo-
TOrpacPH'IeCKH aKTHBHhlX ueHTpoB TPY,lJ;HooKHCJIReMhlM H a,nCOp6HPYIOlllHMCR
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PRc.no. KpHBbIe CneKTP8JlbHOA 'l}'BCTBHTeJIbHOCTHAgBr-3MYJlhCHH, CeHCH6HJ1H3H-
poBaHHoA 1, l' -,IlH3THJI-2, 2' -XHHOllHaHHHHO.llH.llOM(2· 10-4) 003 cynepceHCH6HJ1H-
3aTOpa (1), C 3,3' -,IlH3THJlCeJIeHaMOHOMeTHHUHaHHHHO.llH.llOMC-3 (2), 2-(n-
,IlHMeTHJlaMHHOCTHPHJI)-OOH3TH83OJlOMC-4 (3) H C KOMn03HUHeA cynepceHcH6H-
JlH3aTOpoB (4). KOHlleHTp8llIDl CeJIeHaMOHOMeTHHllHaHHHa 4· 10-4, CmpHJlbHoro
OCHOBaHHJ10,5.10-4 MOJIb/MOJIbAgBr (68)

Ha HHX coe,ZUIHeHHeM C-3, JIH60 3TH cynepceHCH6HJ1H3aTOPhI ,lJ;eitCTBYIOT
B 06paTHoit nOCJIe,lJ;OBaTeJIbHOCTH. 3To CXeMaTH'IeCKH nOKa3aHO Ha pHC. 121.,

PRc.12l. CxeMa .n;eACTBHJ1cynepceHCH6HJ1H3aTOpoB B CJlOgXC .D;bIpoqHoA CaMo.n;eceH-
CH6HJ1H3allHeA KpacHTeJIeA 11 THIIa (68)

Tpenlit MeTO,IJ; cynepceHCH6HJ1H3aUHH J-arpempYIOlllHxCR KPacHTeJIdt
3aKJIIO'IaeTCR B peryJIHpOBaHHH J-arperaUHH [59]. PeryJIHpOBaHHe MOJKeT OCY-
llleCTBmlTbCg C nOMolllbIO ,lJ;onOJIHHTeJIbHO BBO,lJ;HMbIX B cPOTorpacPH'IeCKYIO
3MYJlbCHIO OpraHH'IeCKHX coe,lJ;HHeHHA, KOTOpbIe JlH60 06J1eI"laIOT arpera-
UHIO, JIH60 yqacTBYIOT B «nepeKPHCTaJIJIH3aUHH» arperaTOB, CnOCo6cTByR TeM
caMbIM pOCTY 60JIee ynOpR,lJ;O'leHHbIX CTPYKTYP J-nOJIHMepoB. CJIe,lJ;CTBHeM
3TOro MOJKeT 6bITb OTCyYCTBHe KOHTaKTa J-arperaTa H nUe (YBeJIH'IeHHe r,
pHC. 112), JIH60 06pa30BaHHe 60JIee ynOpR,lJ;O'leHHbIX, T. e. 60JIee e,lJ;HHoo6pa3-



HO nOCTPoeHHbIX CTPYKTYP J-arperaTOB, qTO MO)KeT YMeHbllUfTb BepOSlTHOCTb

,Uerpa,n:aUHH 3HeprnH <l>OTOB036Y)K,UeHHH J-arperaTa Me)K,UY pa3JIHqHO nOCTPo-

eHHbIMH arperaTaMH, OTJIHqalOIUHMHCH Ha60pOM 3HepreTHqeCKHX ypOBHeH

(npe)K,Ue BCero cHB)' B KaqeCTBe peryJIHTOpOB J-arperaUHH MOryT BbICTYnaTb,

HanpHMep, 6HC-qeTBepTHqHble COJIH reTepOUHI<JUfqeCKHX OCHOBaHHH 06IUeH

<l>OPMYJIbI (XX)

.•..+ + ~.
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r,Ue Z H Z' - rpynnbI aTOMOB, 06pa3YIOIUHe Mpa nHpH,UHHa, XHHOJIHHa HJIH

6eH3HMH,Ua30JIa; n ~ 2, X- - aHHOH. HanpHMep, HaWJIO npaKTHqecKoe

npHMeHeHHe npOH3BO,UHoe a-nHKOJIHHa (XXVI).

< r-(CH~"-~).,.,-
CH3 H3C

BBe,UeHHe 6HC-qeTBepTHqHbIX COJIeH B <l>oTorpa<l>HqeCKYIO 3MYJIbCHIO

B KOHueHTPaUHH, cpaBHHMoH C KOHueHTPaUHeH J-arpernpYIOIUerocSI KPa-

CHTeJIH, yCHJIHBaeT CKJIOHHOCTb KpaCHTeJISI K J-arperaUHH, BbI3blBaeT 6aTo-

XPOMHbIH C,UBHr MaKCHMYMa nOJIOCbI nOrJIOIUeHHSI KPaCHTeJISI H POCT 3<l><l>eK-

THBHOCTH CneKTPaJIbHOH CeHCH6HJIH3aUHH. BepOSlTHO, npH a,n:COp6UHH 6HC-

COJIeH Ha MHKPOKPHCTaJIJIax AgHal H3-3a onpe,UeJIeHHoro COOTBeTCTBHSI nap-

HbIX nOJIO)KHTeJIbHbIX 3apMOB, JIOKaJIH30BaHHbIX Ha aToMax a30Ta, napHbIM

OTPHuaTeJIbHbIM JaPMaM ranOreHH,U-HOHOB Ha nOBepXHOCTH AgHal C03,Ua-

eTCSI TaKOH peJIbe<l> nOTeHUHaJIa nOBepXHOCTH, npH KOTOPOM 06JIerqaeTcSI

06p3.30BaHHe J-arperaTOB He TOJIbKO Ha ,Ue<l>eKTax, HO H Ha ,UpyrHx MecTax

nOBepXHOCTH, H KOTOpbIH 6JIaronpHSlTcTByeT POCTY 60JIee ynoPMOqeHHbIX

CTPYKTYP arperaTOB.

XopOWO H3BeCTHO, qTO J-arperaUHH, KPOMe TOro, cnoc06cTByeT JaMeHa

aJIKHJIbHbIX rpynn y aTOMOB a30Ta UHaHHHOBbIX KPaCHTeJIeH Ha CYJIb<l>OaJI-

KHJIbHble [87], T. e. npH nepexo,Ue K KpaCHTeJISlM 6eTaHHoBoH CTPYKTYPbI THna

(XXVII)
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IIO-BH,UHMOMY, HaJIHqHe B aHHOHHbIX KPaCHTeJISlX ,UHnOJIHpHbIX 6eTaHHO-

BbIX cTPYKTYP MO)KeT 06JIerqaTb KaK CTa,n:HIO 3apO)K,UeHHSI J-arperaToB Ha ,UH-

nOJISlpHOH )Ke nOBepXHocTH MHKPOKPHCTaJIJIOB AgHal (HOHbI Ag+ H Hal-),

TaK H nOCJIe,UYIOIUHH pOCT caMHX arperaTOB.

H3BeCTHO, qTO Ha J-arperaUHIO OKa3bIBalOT BJlHSlHHe Pa3JlHqHble <l>o-

Torpa<l>HqeCKH MaJIOaKTHBHble coe,UHHeHHH, HanpHMep, KeTOHbI, HHTPHJIbI,

apOMaTHqeCKHe cnHpTbI (<l>eHOJIbI) H ,Up. 3TH coe,UHHeHHH TaK)Ke BbI3bI-

BalOT 6aToxpOMHbIH C,UBHr J-nOJIOC H POCT 3<l><l>eKTHBHOCTH CneKTPaJIbHOH

CeHCH6HJIH3aUHH [59]. oaToxpoMHbIH C,UBHr J-noJIoc, KaK npaBHJIO, CBH3bI-

BalOT C YMeHbweHHeM yrJIa ynaKoBKH (a) KpaCHTeJIeH JIH60 C YBeJIHqeHHeM

qHCJIa BXO,USlIUHX B arperaT MOJIeKYJI ceHCH6HJIH3aTOpa [57, 59]. 06a napa-

MeTPa 'uOJI)KHbI 3aBHceTb OT CKOpOCTH arperaUHH. IIPH 6bICTPOH arperaUHH

'uOJI)KHO npOHCXO,UHTb XaOTHqecKoe 06pa30BaHHe Ha ,Ue<l>eKTax nOBepXHO-

CTH AgHal MHornx pa3HopO,UHbIX no pa3MepaM arperaTOB. IIo,U ,UeHCTBH-

eM OpraHHqeCKHX coe,UHHeHHH npOHCXO,UHT KaK 6bI «nepeKpHCTaJIJIH3aUHSI»

J-arperaTOB HJIH, B npHBblqHbIX <l>oTorpa<l>HqeCKHX TepMHHax, «nepBoe CO-

3peBaHHe J-arperaTOB». IIPH 3TOM OpraHHqeCKHe coe,UHHeHHH, BBO,UHMble

B 3MYJIbCHIO B 3aMeTHbIX KOJIHqeCTBax (0,1-1,0 MOJIb/MOJIb AgHal), HrpalOT

POJIb cpe,UbI (paCTBOpHTeJIH), cnOC06CTBYIOIUeH nepeKPHCTaJIJIH3aUHH. O,U-

HHM H3 pe3YJIbTaTOB 3TOro MO)KeT 6bITb 06pa30BaHHe 60JIee ynopMOqeHHbIX

CTPYKTYP J-arperaTOB C 6aTOxpOMHO CMeIUeHHbIMH nOJIOCaMH nOrJIOIUeHHSI

H y,UaJIeHHbIX OT IIU. (r > 0, pHc.112). BTOPbIM - pOCT <l>OTorpa<l>Hqe-

CKO}i aKTHBHOCTH arperaTOB. qacTO J-arperaUHH cnoc06cTByeT nOBblweHHe

TeMnepaTYPbI paCnJIaBJIeHHo}i 3MYJIbCHH H BbI,Uep)KHBaHHe 3MYJIbCHH nepe,U

nOJIHBOM npH nOBblweHHOH TeMnepaTYPe.

J-arperaUHH 'u0JI)KH0 cnOC06CTBOBaTb C03,UaHHe Ha nOBepXHOCTH MH-

KPOKPHCTaJIJIOB AgHal nepe,U BBe,UeHHeM cneKTPaJIbHoro ceHCH6HJIH3aTOpa

MHO)KeCTBa HOBbIX ,Ue<l>eKTOB, CTHMyJIHpylOIUHX pOCT J-arperaTOB B MecTax,

He CBSl3aHHbIX C npHMeCHbIMH ueHTPaMH. TaKHe MHO)KeCTBeHHble ,Ue<l>eK-

TbI B03HHKaIOT, HanpHMep, npH CHHTe3e MHKPOKPHCTaJIJIOB AgHal C nepe-

MeHHbIM ranoreHH,UHbIM COCTaBOM, oc06eHHO AgBr(I)-3MYJIbCHH. II~3TOMY

J-arperaUHSI, KaK npaBHJIO, 06JIerqaeTCSI npH YBeJIHqeHHH ,UO onpe,UeJIeHHoro

npe,UeJIa co,Uep)KaHHSI HO,UH,U-HOHOB B AgBr(I)-3MYJIbCHSlX [1, c. 246]. 3THM xe

MO)KHO 06'bSlCHHTb BJlHHHHe THOUHaHaT- H UHaHH,U-HOHOB Ha J-arperaUHIO.

B pa60Te [58] nOKa3aHO, qTO npH BBe,UeHHH B AgBr-3MYJIbCHIO C KY6HqeCKHMH

MHKPOKPHCTaJIJIaMH HO,UH,U-HOHOB, HO,UH,Ucepe6pa 06pa3yeTcH OKOJIO BepWHH

H pe6ep KY6a. Ha 3THX MecTax JIOKaJIH3aUHH AgI npOHCXO,UHT 3apo)K,UeHHe

J-arperaToB KpaCHTeJIeH.

§ 18. ThnepceHCH6HJlH3a~HJI
<}loTorpa<}llf1leCKHX CJlOeB

.npyrnM H3BeCTHbIM MeTO,UOM YBeJIHqeHHSI CneKTPaJIbHOH qyBcTBHTeJIbHO-

CTH SlBJlHeTCH 2unepceHcu6UAU3a~UJI <l>OTOCJIoeB. [HnepceHCH6HJIH3aUHH, KaK

npaBHJIO, nO,UBepralOTCSI y)Ke roToBbIe <l>oTorpa<l>HqeCKHe CJIOH. HaH60JIbWee

pacnpOCTPaHeHHe nOJIyqHJIH MeTO,UbI rHnepceHCH6HJIH3aUHH HH<l>paxpoMaTH-

qeCKHX HJIH BblCOKopa3pewalOIUHX CJIOeB B pacTBopax COJIeH cepe6pa HJIH

OCHOBaHHH, a TaK)Ke nporpeBOM HJIH BaKYYMHpOBaHHeM <l>oTOCJIOeB nepe'u



3KcnOHHpoBaHHeM. ComaCHO COBpeMeHHbIM npe,llCTaBJIeHH}lM rHnepceHCH-

6HJIH3allH}I, TalOKe KaK cynepceHCH6HJIH3allH}I, CBO,llHTC}I K ropMO:lKeHHIO

npolleCCOB ,lleCeHCH6HJIH3allHH H CaMO,lleCeHCH6HJIH3allHH KpaCHTeJIeJt [67].

3Ha'IHTeJIbHbIJt pOCT CneKTPaJIbHoJt tJyBCTBHTeJIbHOCTH <pOTOCJIoeB C 3JIeK-

TPOHOaKllenTopHbIMH KpaCHTeJI}lMH (npe:lK.lle BCero, I1K-nJIeHOK) Ha6JIIO,lla-

eTC}I npH nOBbIweHHH KOHlleHTPallHH HOHOB cepe6pa B 3MYJIbCHH [1, c.264].

Ha 3TOM OCHOBaH MeTO,ll rHnepceHCH6HJIH3allHH c.iIoeB B paCTBOpe COJIH

cepe6pa JIH60 B BO,lle. B paMKaX paCCMOTPeHHoJt cxeMbI «62), (69» ca-

MO,lleCeHCH6HJIH3allHH I THna rHnepCeHCH6HJIH3allH}I CB}l3aHa C TeM, qTO

paBHOBeCHe CTa,llHH I CMemaeTC}I BJIeBO, T. e. 3aTPY,llH}leTC}I OKHCJIeHHe npe,ll-

lleHTPa CI1 (Ago) KpaCHTeJIeM. fHnepceHCH6HJIH3allH}I HH<ppaxpoMaTHqeCKHX

<pOToMaTepHaJIOB 06pa60TKoJt B TPH3TaHOJIaMHHe HJIH B pacTBopax ,llpyrHX

OCHOBaHHJt B TOM qHCJIe B paCTBOpe aMMHaKa) CBO,llHTC}I K 3JIHMHHHpOBaHHIO

CTa,llHH III 6JIaro,llap}l YMeHbweHHIO KOHlleHTPallHH npOTOHOB. 3To cnoc06-

CTByeT CMemeHHIO paBHoBecHJt CTa,llHJt I H II B CTOpOHy npe,lllleHTPoB Ago.

CTa,llH}I III TalOKe HCKJIlOqaeTC}I npH rHnepceHcH6HJIH3allHH CJIoeB nporpeBoM

3a CqeT y,llaJIeHH}I H3 CJIO}l BJIarH. llpH yxe paccMaTPHBaBWeMC}I BaKYYMH-

pOBaHHH CJIoeB nepe,ll 3KcnOHHpOBaHHeM [77] H3 <pOToMaTepHaJIa y,llaJI}lIOTC}I

JIeryqHe KOMnOHeHTbI - O2 H H20. BJIaro,llap}l 3TOMY, nO-BH,llHMOMY, HHrH-

6HPYIOTC}I peaKllHH C O2 H H+ Ha CTa,llHn II-IV cxeMbI (62) H paBHOBeCHe

peaKllHH ICMemaeTC}I BJIeBO B CTOpOHy cepe6pjJHoJt qaCTHllbI. CJIe.uyeT OTMe-

THTb, qTO npHMeHeHHe .IlJIHTeJIbHOro BaKYYMHpOBaHHjJ B peaJIbHbIX YCJIOBHjJX

3KCllJIyaTallHH <pororpa<pHqeCKHX CJIoeB BeCbMa Hey,ll06Ho. ThnepceHCH6HJIH-

3aUHjJ B pacTBOpax COJIeJt cepe6pa H OCHOBaHHJt MaJIOBOCnpOlf3BO,llHMa H,

KpoMe TOro, <pOToMaTepHaJIbI nOCJIe nO,ll06HoJt 06pa60TKH 6bICTPO ByaJIHpy-

lOT. 'IYBCTBHTeJIbHOCTb:lKe nporpeTbIX CJIoeB YMeHbwaeTCjJ npH 3KcnnyaTallHH

<pOTOMaTePHaJIOB B YCJIOBHn 06bIqHOJt BJIa:lKHOCTH, npH 3TOM TeM B 60JIb-

weJt CTeneHH, qeM 60JIbWe BJIa:lKHOCTb Cpe,llbI H np0,llOJDKHTeJIbHOCTb C'beMKH.

ll03TOMy MeTO,llbI rHnepCeHpH6HJIH3aUHH, r,lle 3TO B03MO:lKH0, nOCTeneHHO

3aMeH}lIOTCjJ MeTO,llaMH cynepceHCH6HJIH3allHH.

fHnepCeHCH6HJIH3aUHjJ <pororpa<pHqeCKHX CJIOeB C KpaCHTeJI}lMH, ,lleceH-

CH6HJIH3HpYlOmHMH no ,llbIpO'IHOMy MexaHH3MY, Ha6JIIO,llaeTC}I npH 06pa60T-

Ke CJIOeB B BO,ll0p0,lle (<<OOOPOOHllRzunepceHcu6UAU3a~UJl) [2}. Cepe6p}lHbIe

'IaCTHllbI, 06pa3YlOmHec}I npH BO,ll0PO,llHOJt rHnepCeHCH6HJIH3allHH, CJIyxaT

aKllenTopaMH ,llbIpOK KpaCHTeJIeJt. BJIaro,llap}l 3TOMy YMeHbwaeTc}I BKJIa,ll pe-

KOM6HHallHoHHbIX npolleccoB.

§ 19. IUlHeTJIlIeCKHe Mo,n;eJIH
CneKTp3.JIbHOH CeHCH6HJIH3aU;HH

BnepBbIe eme .ll,:lKeJtMc [78] OTMeTHJI, qTO K np06JIeMe CneKTPaJIbHoJt

ceHCH6HJIH3allHH He06xo,llHMO nO,llXO,llHTb He C 3HepreTHqeCKHX, a C KHHeTH-

'IeCKHX n03HllHJt. HHaqe roBOp}l, 3HepreTHKa C03,llaeT TOJIbKO npe,llnOCbIJIKH

.IlJI}I ocymeCTBJIeHH}I npOllecca, a peaJIbHbIJt npOllecc ,llHKTyeTc}I COOTHowe-

HHeM CKopOCTeJt peaKllHJt. Oc06eHHO 3TO Ba:lKHO .IlJI}I npOlleCCOB, K KOTOpbIM

OTHOCHTC}I H cneKTPaJIbHa}l ceHCH6HJIH3allH}I, npOTeKalOmHx B BH,lle p}l,lla

nOCne,llOBaTenbHbIx CTa,llHJt, T.e .IlJIjJ MHozocmaouuHblX npOlleCCOB. MHOro-

CTa,llHHHOCTb npOllecca - OCHOBHa}l xapaKTepHa}I 'lepTa <pOTOXHMH'IeCKHX

peaKllHJt, CB}l3aHHbIX C 60JIbWHMH 3HeprernqeCKHMH 3aTPaTaMH.

Y:lKe OTMe'IaJIOCb, qro np06JIeMa ,lle<pHllHTa 3HeprHH npH CneKTPaJIbHoJt

ceHCH6HJIH3allHH AgHal KpaCHTeJIHMH, HH:lKHHe BaKaHTHbIe ypOBHH KOTO-

pbIX eHB pacnOJIO:lKeHbI no,ll 30HOH npOBO,llHMOCTH AgHal, B03HHKaeT B TOM

cnyqae, eCJIH npOllecc ceHCH6HnH3aUHH <pOPMaJIbHO paccMaTPHBaTb B BH,lle

O,llHOCTa,llHHHOrO nepeHoca 3neKTPOHa OT Kp' B 30Hy npOBO,llHMOCTH AgHal.

MHOroCTa,llHHHOCTb npOllecca eCTb OCHoBHoHnyrb npeO,llOJIeHHH 3HepreTHqe-

CKHX orpaHH'IeHHH. )lp06JIeHHe npOllecca Ha PM nOCne,llOBaTeJIbHbIX CTa,llHH,

3HeprHH aKTHBallHH KOTOpbIX MeHbwe 3HeprnH O,llHOCTa,llHHHOro npOllecca,

nO,ll06HO KaTaJIH3Y n03BOn}leT peaJIH30BaTb npOllecc. Y:lKe OTMeqaJIOCb, 'ITO

no .ll,:lKeJtMcy [78] 3neKTPOH H3 Kp' He cpa3Y nepeXO,llHT B 30Hy npOBO,llH-

MOCTH AgHal, a nOCJIe,llOBaTeJIbHO Ha nOBepXHOCTHbIe JIOByWKH 3JIeKTPOHOB,

H3 KOTOpbIX TepMH'IeCKH B036y)K.llaeTC}I B 30Hy npOBO,llHMOCTH (pHc.98, «).
ComaCHO )l:lKeJtMCY Bep0}lTHOCTb nepeXO,lla :,meKTPQHa H3 JIOByWKH B 30Hy

npOBO,llHMOCTH, a, CJIe,llOBaTeJlbHO, H BepOHTHOCTb 06pa30BaHHH CKpbIroro

H306pa:lKeHHH onpe,llemIeTC}I BpeMeHeM :lKH3HH 3JIeKTPOHa B JIOBywKe T. OHO

CBjJ3aHO C my6HHoH JIOBywKH fi.E COOTHoweHHeM:

r,lle v - 'IaCTOTa Kone6aHHH 3JIeKTPOHa B JIOBywKe, npH6nH3HTeJIbHO paBHa}l

1012
.IlJI}I 3JIeKTPOHa, 3axBaQeHHoro B KpHCTaJIJle [78]. ComaCHO OlleHKaM,

BpeM}I nepeXO,lla 3neKTPOHOB H3 JIOByWKH C my6HHoJt fi.E = 0,24 3B B 30Hy

npOBO,llHMOCTH AgBr COCTaBJIHeT T = 10.,-8C (.IlJI}I V = 1012), .IlJI}I fi.E = 0,6 3B

BpeM}I T = 10-2 C, a .IlJI}I JIOBywKH C my6HHoJt fi.E = 1,1 3B nepexo,ll

3JIeKTPOHa B03MO:lKeH nHWb 3a T = 105
C (T. e. npHMepHO 3a 1 CyrKH,

CM. pHC. 30).

KHHeTH'IeCKaH MO,llenb CneKTPaJIbHoJt ceHcH6HnH3allHH Ha OCHOBe 3JIeK-

TpOXHMH'IeCKHX nOTeHllHaJIOB KpaCHTeJIeJt H ,llpyrnx KOMnOHeHTOB <pOTorpa-

<pH'IeCKOH 3MYJIbCHH (CM. pHC. 108) 6bIJIa pa3BHTa B pa60Tax IIIanHpo [66-68].

llOCKOJIbKY paCCMOTPeHHbIe npOlleCCbI CneKTPaJIbHOH ceHCH6HJIH3allHH, ,lle-

ceHCH6HJIH3allHH H CaMO,lleCeHCH6HJIH3allHH KpaCHTeJIeH }lBJI}lIOTCH THnH'I-

HbIMH OKHCJIHTenbHO-BOCCTaHOBHTeJIbHbIMH peaKllH}lMH, TO K HHM npHMe-

HHMbI npe,llCTaBJIeHH}I TeopHH MapKYca .IlJI}I onHCaHH}I KHHeTHKH peaKllHH

nepeHoca 3neKTPOHOB B nOJI}lpHbIX cpe,llax [92]. ComaCHO TeopHH MapKYca

cymeCTByeT JIHHeHHa}l 3aBHCHMOCTb Me:lK.llY H3MeHeHHeM CBo6o,llHOH 3HeprHH

nepeXO,llHoro COCTO}lHH}I (fi.G") H TepMO,llHHaMH'IeCKHMH xapaKTepHCTHKaMH

3neMeHTapHoro OKHcnHTenbHO-BOCCTaHOBHTenbHoro aKTa:



rJle 6.GO H3MeHeHJ.fe CTaHJlapTHOH CB060JlHOH 3HeprHH peaKUHH, k -
KOHCTaHTa CKOpOCTH peaKUHH, a H b - nOCTORHHbIe )1)151onpeJleJIeHHoro

KJIaCca peaKUHH, n - qHCJIO 3JIeKTPOHOB B peaKUHH, F - qHCJIO <1>apa)leR,

6.Eo - Pa3HOCTb CTaHJlapTHbIX nOTeHUHaJIOB.

B TaKOM cnyqae CKOpOCTb peaKUHH 3JIeKTPOHHoro nepeHoca Me)l(,lly KOM-

nOHeHTaMH <!>OTorpa<!mqeCKOrO CJIOR - Kp·, AgHal·, Kp, AgHal H JlpyrHMH

coeJlHHeHHRMH MOXHO BbIpa3HTb KHHeTHqeCKHMH ypaBHeHHRMH, B KOropbIX

3HeprnR aKTHBaUHH RBJIReTCR <!>YHKUHeH Pa3HOCTH Me)l(,lly HOPMaJIbHbIMH

OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIMH nOTeHUHaJIaMH CHCTeM, yqacTByIOIUHX

B 3JIeKTPOHHbIX nepeHocax. TIPH nO.ll06HOM JlOnYIUeHHH CKOpOCTb nOCTYnJIe-

HHR 3JIeKTPOHOB B 30Hy npOBO.llHMOCTH HllH Ha nOBepXHOCTHbIe ypOBHH AgHal,

onpe.lleJIRIOIUaR CBeTOqYBCTBHTeJIbHOCTb HeraTHaHoro npouecca, MoxeT 6bITb

BbIpaxeHa B BH,lle CyMMbI CKopOCTeH 3JIeKTPOHHoro nOTOKa B OT.lleJIbHbIX

KaHaJIax peaKUHH 3JIeKTPQHHOro nepeHoca:

~ dnj(e) ~ ~ (-aj . 6.E?)~ d.t = ~ kj . Ci = ~ Ai . exp RT Ci,

• • •
r.lle ni(e) - KOJIHqeCTBO 3JIeKTPOHOa B 30He npOBO.llHMOCTH HJIH Ha nOBepx-

HOCTH AgHal, ki - KOHCTaHTa CKOpOCTH 3JIeKTPoHHoro nepeHoca, Ci -

KOHueHTPaUHR (HJIH, TO~Hee; aKTHBHaR KOHueHTPaUHR) 3JIeKTPOHO.llOHOPHOH

(BOCCTaHOBJIeHHOH) <!>OPMbI i-H cHcTeMbI, 06pa3YIOIUeHcR nOCJIe <!>OTOB036y-

)I(,lleHHR H cnoc06HoH K 31IeKTPQHHoMY 06MeHy C 30HOH npOBO.llHMOCTH HJIH

C nOBepXHocTHbIMH ypOBHRMH, 6.Ff/ - Pa3HOCTb HQPMaJIbHOro nOTeHUH-

aJIa i-H CHCTeMbI, 06pa3YIOIUeHcR nOCJIe <!>OToB036y)1(,lleHHR, H nOTeHUHaJIa

.llHa 30HbI npoBO,llHMOCTH (E~n) HJIH nOBepXHocTHbIX 3JIeKTPoHOaKuenTopHbIx

ypoBHeH (E~yJ.
KHHeTHKa 3axBaTa 3JIeKTPQHoB H3 30HbI npOBO,llHMOCTH (HJIH C nOBepx-

HOCTHbIX ypOBHeH) KOMnOHeHTaMH <!>ororpa<!>HqeCKOH 3MYJIbCHH (Kp, O2, H+

H ,llp.) MoxeT 6bITb npe,llCTaBJIeHa B BH,lle CYMMbI CKopOCTeH peaKUHH, O,llHOH

H3 KOTOpbIX RBJIReTCR 06pa30BaHHe CKpbITOro H306paxeHHR:

dno

() (-ao

° 6.E~)L__J_e_ = L kj' Cj' n(e) = L Aj' exp J T J Cj' n(e), (75)
° & ° oR.

J J J

r,lle Cj - KOHueHTPaUHR 3JIeKTPOHOaKUemopHoH (oKHCJIeHHoH) <!>OPMbI j-H

CHCTeMbI, 6.EJ - pa3HOCTb nOTeHUHaJIOB E~n (HJIH E~yJ H j-H CHCTeMbI.

<1>oTorpa<!>HqeCKaR qYBCTBHTeJIbHOCTb 6Y.lleT onpe,lleJIRTbCH COOTHOIlleHHeM

CKopocTeH peaKUHH nOCTYnJIeHHH 3JIeKTPoHOB B AgHal H HX He06paTHMoro

CBH3bIBaHHH.

TIpHJIOXeHHe KHHernqeCKOH MO,lleJIH 6bIJIO HaMH paCCMOTPeHo Ha npH-

Mepe npoueCCOB ,lleCeHCH6HJIH3aUHH I THna (CM. pa3,lleJI «.neceHCH6HJIH3a-

UHH raJIOreHH,llOB cepe6pa KpaCHTeJIHMH»), B KOTOpbIX 3HeprnH aKTHBaUHH

6.E? = E~3 - E~t Kp' BeJIHqHHa nOTeHUHaJIa ,llHa 30HbI npOBO,llHMOCTH AgBr

onpe,lleJIeHa paBHOH E~n = -1,1 B (OTH. H.~. 3.) [83] (CM. pHC. 108).
an~/npdJeccoB 06MeHa ,llbIpOK Me)l(,lly Kp·, AgHal, AgHal·, Kp, Kp t

BaxHa BeJIHqHHa 6.E~ = E~3 - E?i2,Kp, paBHaH pa3HocTH Me)l(,lly n~>TeHUH-

aJIOM BaJIeHTHOH 30HbI AgHal H ypQBHeM eB3 KpaCHTeJIH, xapaKTepH3yeMbIM

nOTeHUHaJIOM E?i2,Kp' BeJIHqHHa nOTeHUHaJIa noTOJIKa BaJIeHTHOH 30HbI AgBr

onpe,lleJIeHa:

.nbIpOqHbIe npoueccbI HrpaIOT BaxHyIO POJIb B cneKTPaJIbHOH ceHCH6HJIH-

JaUHH npRMoro n03HTHBHOro <!>OTorpa<!>HqeCKOrO npoUecca, OCHoBaHHoro

Ha OKHCJIeHHH (OT6eJIHBaHHH) qaCTHU Ag~, C03,llaHHbIX npe,llBapHTeJIbHbIM

ByaJIHpOBaHHeM 3MyJIbCHH, ,llbIpKaMH KpaCHTeJIeH (CM. CJIe,llYIOIUHH pa3,lleJI).

.nblpOqHbIe npoueCCbI paCCMaTPHBaIOTCR H npH CneKTPaJIbHOH CeHCH6HJIH-

3aUHH HeraTHBHbIX MaTepHaJIQB KpaCHTeAAMH C E~tKP > -1,0 B, HO O.ll-.

HOBpeMeHHo C Efh,Kp > 1,2 B (OTH. H. K. 3.). Pa3fa)lKa <!>OTorpa<!>HqeCKOrO

,lleHCTBHH TaKHX KpaCHTeJIeH B 06blqHbIX yCJIOBHRX (He B BaKYYMe) CO,llep)KHTCR

B o6'bHcHeHHRX, npe)l)lOXeHHbIX llIrypMepoM, faY<!>OM H EPyIIIH [70], «He-

HOpMaJIbHOH» CneKTPaJIbHOH CeHCH6HJIH3aUHH, nOJIyqaeMOH C O,llHHM H3 ,lle-

CeHCH6HJIH3HPYIOIUHX KpacHTeJIeA. ABroPbI OTMeTHJIH, qTO «B036y)1(,lleHHOe

cocroHHHe (3roro KpaCHTeJIR) C 60JIbIIIOH CTeneHbIO BepoRTHocTH MoxeT

6bITb BOCCTaHOBJIeHO 3K30TepMHqeCKH 6pOMH,ll-HOHOM BaJIeHTHOH 30HbI (HH-

xeKUHH ,llbIpKH). 3JIeKTPOHbI npOBO,llHMOCTH,He06xo,llHMbIe)l)lH cneKTPaJIbHO

CeHCH6HJIH3HpOBaHHoro 06Pa30BaHHR CKpbIroro H306paxeHHH, JaTeM MOryT

nORBHTbCR B 30He npOBO,llHMOCrn H3 BOCCTaHOBJIeHHOrO KpaCHTeJIR, 06pa-

3OBaHHOro B npouecce HHxeKUHH .llbIpKH. 3JIeKTPOH H3 BOCCTaHOBJIeHHOrO

KpacHTeAA (Kp:") JIH60 nOna)laeT B 30HY npOBO.llHMOCrn, JIH60 He06paTH-

MO B3aHMO,lleHcTByeT C oKpyxaIOIUeH Cpe,llQH». 3T0 CXeMaTHqeCKH nOKa3aHO

Ha pHC. 122. TIocJIe HHxeKUHH .llbIpKH H3 Kp· B BaJIeHTHyIO 30Hy AgHal

06pa3yeTCH Kp:". B pe3YJIbTaTe 3JIeKTPOCTaTHqeCKOrO OTTaJIKHBaHHH JIHIIIHerO

3JIeKTPoHa B Kp:" 3JIeKTPoHaMH Ha 3anOJIHeHHbIX ypOBHHX eB3, 3HeprnH 3Toro

3JIeKTPOHa CTaHOBHTCR '" Ha 0,2 3B BbIllie ypOBHH eHB B Kp· , 6JIaro,llapH qeMy

06JIerqaeTCH ero nepexo.ll B 30Hy npOBO,llHMOCTH AgHal. B03MOXHO, qTO TOT

xe MexaHH3M «nO,llCKOKa» 3JIeKTPOHa JIe)KHT B OCHOBe «BOCCTaHOBHTeJIbHoro»

MexaHH3Ma cynepceHCH6HJIH3aUHH fHJIbMaHa.

3<!><!>eKTHBHOCTb CneKTPaJIbHOH CeHCH6HJIH3aUHH AgHal-3MYJIbCHH pH-

,llOM KpaCHTeJIeH B paMKax KHHeTHqeCKOH MO,lleJIH, OCHOBaHHOH Ha OKHCJIH-

TeJIbHO-BOCCTaHOBHTeJIbHbIX nOTeHUHaJIax, 6bIJIa TaKXe paCCMOTPeHa MYHTep,

fHJIbMaHOM, JIeHxap,llOM H TIeHHepoM [2, C. 407]. EbIJIa HaH,lleHa KOppeJIHUHH

Me)l(,lly 3He~rHeH aKTHBaUHH cneKTPaJIbHOH ceHCH6HJIH3aUHH 6.al- H BeJIH-

qHHOH 6.E( B BH,lle, COOTBeTCTBYIOIUeM BapHaHTY TeopHH MapKYca - TeOpHH



MapKYca H JIeBHqa )J,.I111reTepO<pa3HblXCHCTeM:

(EO(red) _ EO + ).)2
t:.G#- = Kp.. 3n

4), ,

npHMoro nepeHoca 3neKTPoHoB B 30Hy npoBo~HMOCTH 3KcnOHeHUHanhHO
YMeHhwaeTcH C pOCTOMt:.Ef/, H o~HoBpeMeHHo B03pacTaeT ~onH 3neKTPoHoB,
nepeHocHMhIX Ha nOBepXHOCTHhleypOBHH. TIO-BH~HMOMY, BTOpoA MexaHH3M
HBnHeTCHnpeBanHpyIOIUHM ~H KpacHTeneA CE~tKp > -1,0 B, oc06eHHo ~H
HH<ppaxpoMaTHqeCKHX KPaCHTeneA, 3<p<peKTHBHOCThceHCH6HnH3aUHH KOTO-
phIMH YBenHqHBaeTCHC pOCTOMKOHueHTPaUHH HOHOB cepe6pa B 3MynhcHH,
C03~aIOIUHXnOBepXHOCTHhleypOBHH 3axBaTa <poTo3neKTPOHoB.

TIepBHqHhIA aKT CneI<TPanhHoA ceHcH6HnH3aUHH 3aKaHqHBaeTCH3a Bpe-
MeHa nOp~Ka 10-9_10-12 C B 3aBHCHMOCTHOT THna 3MynhcHH H COCTOHHHH
KPaCHTenHHa MHKPOKPHCTaMax AgHai [2, c. 387]. BHe 3aBHCHMOCTHOTTOro,
KaKHM nYTeM 6hill nepeHeceH <pOTo3neKTPoH OT Kp' Ha AgHaI, nepBHqHblM
npO~YKTOM <pOTopeaKUHHHMHeTCH npe~ueHTP CKPhIToro H306paxceHHH Ago.
ComaCHO KHHeTHqeCKOH Mo~enH CneKTPanhHOA ceHcH6HnH3aUHH [66-68]
3<p<peKTHBHOCThcyMMapHoro npouecca B 3HaqHTenhHOA Mepe onpe~enHeTCH
KHHeTHKOHBTOPHqHblXpeaKUHH OKHcneHHH npe~ueHTPOB CR, TaK Ha3hIBae-
MblX npoueCCOB caMo~eCeHCH6HnH3aUHH KPaCHTeneA. XapaKTepHO, qTO KPa-
CHTenh B 3THX BTOPHqHhIXnpoueccax HrpaeT ponh KaTanH3aTOpa OKHcneHHH.
TI03TOMY B o6meM cMhlcne MO:lKHOroBOpHTh 0 KaTanH3e peaKUHH oKHcneHHH
<pOTOrpa<pHqeCKHaKTHBHhIX qaCTHU C yqacTHeM BaKaHTHhIX MOneKYnHpHhIX
Op6HTaneH TaKHX 1r-COnpIDKeHHhIXCHCTeM,KaKOBhIMH HMHIOTCH 3neKTPOHO-
aKUenTopHhle KPaCHTenHB OCHOBHOMCOCTOHHHH(nepeHoc 3neKTPOHOBOTAgO

Ha cHB) nH60 KaTHOH-PMHKanbI KPaCHTeneH (nepeHoc 3neKTPOHOB OT Ago
Ha cB3)' TIpoueccbI X<:ecynepceHCH6HnH3aUHH, HHrH6HpyH 3TH peaKUHH, no-
3BonHIOTnepepaCTH npe~ueHTPaM CR B ueHTPbl CR. He06xo~HMO OTMeTHTh,
qTO ~H 3MynbcHH C my6HHHbIMH ueHTPaMH qyBCTBHTenbHOCTH(3MynhcHH

THna ~o-06onoqKa HnH 3MynhcHH C I~+) npe~ueHTPhI CR, 06pa3yromHecH
B rny6HHe MHKPOKPHCTaMOB AgHal, 60nee cTa6HnbHbI, MeHee nO~Bepx<:e-
HbI npoueccaM caMo~eceHcH6HnH3aUHH, TaK KaK OT~eneHhI OT KPaCHTeneH.
TI03TOMY 3<p<peKTHBHOCThCneKTPanbHOH CeHCH6HnH3aUHH TaKHX 3MynhCHH
B MeHbweH CTeneHH 3aBHCHTOT CBOHCTBKpacHTeneH H BHeWHHX ycnoBHit

_______ ~e
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PHc.122. CxeMa CneKTpanbHoJ;i CeHCH6HJIH3aUHH C HlUKeKQHeH m.lpKH H3 Kp' B Ba-
neHTHYJO 30HY AgHal. CxeMa C «rrOJJ;CKOKOM.<l>OT03JIeKTpoHa

r~e E~red) - 06paTHMhIH nOTeHUHan BOCCTaHOMeHHH'KpacHTenH, ). - 3Hep-
O(red) ,

rHH peopraHH3aUHH, TeOpeTHqeCKHHnapaMeTP. BenHqHHa EKp onpe~eJIHeT-
CH MeTO~OMBhICOKOqaCTOTHOHnonHporpa<pHH H ~H HeKOTophIX KpaCHTeJIeH
MoX<:eTHeCKOJIhKOOTJIHqaThCHOTE~tKp' TIO~06HaH X<:eannpOKCHMaUHH MO-
:lKeT6blTh npOBe~eHa ~H 3aBHCHMOCTH3HeprHH aKTHBaUHH OT o6paTHMoro

nOTeHUHana OKHCJIeHHSI(E~;x») ~H KPaCHTeJIeH, HHX<:eKTHpyIOmHx~blpKH.

B 3TOM cnyqae t:.G#- onpe~eJIHeTCHpa3HOCTbIOE~3 - E~;x). Ha OCHOBe3THX

annpoKcHMaUHH nOJIyqeHbI 3HaqeHHH ). = 0,42 3B, E~n = -0,92 B H E~3 =
+1,41 B ~S1 AgBr(I)-3MYJIbCHH.

TaKHM o6pa30M, MexaHH3M nepBHqHoro aKTa CneKTPanbHOH ceHCH6HJIH-
3aUHH onpe~eJISleTCHKHHeTHKOHnepeHoca 3JIeKTPOHOBOT Kp' Ha AgHai ~H
HeraTHBHoro npouecca, KHHeTHKaX<:e3TOro npouecca o6yCJIOBJIeHaB3aHMHbIM
pacnOJIoX<:eHHeMypoBHeH cHB KPaCHTeJIeHOTHOCHTeJIbHO30HbI npOBO~HMO-
CTH AgHai H 3JIeKTPOHOaKuenTOpHbIXnOBepXHOCTHbIXypoBHeH. ,lLrIH KpaCH-
TeneH C EritKp < -1,2 -;- -1,3 B (OTH. H. K. 3.) B03Mox<:eHnpHMOH nepeHOC

3neKTPOHOB OT Kp' B 30Hy npOBO~HMOCTHAgHai 3a BpeMH X<:H3HH<pOTO-
B036y~eHHoro COCTOHHHSIKPaCHTenSl("" 10-9_10-10 C). ,lLrISI KPaCHTeJIeH

C E~~.Kp > -1,2 B B03MO)l(eH KaK nepeHOC 3neKTPOHOB B 30Hy npOBO~H-
MOCTH, TaK H Ha nOBepxHocTHble ypOBHH 3aXBaTa, npH 3TOM BepOHTHOCTb

§ 20. CneKTpaJILHaB CeHCH6HJIH3a~
npBMLIX n03HTHBHLIX 3MyJILCuH

CneKTPanhHaH ceHCH6HJIH3aUHH npHMoro n03HTHBHOro npouecca CBH-
3aHa C OKHCJIeHHeM~hlPKaMH KPaCHTeJIH(HJIH caMHM <pOTOB036~eHHbIM
KPaCHTeJIeM)cepe6pSlHbIX ueHTPOB, npe~BapHTenbHO C03~aHHblX 3aCBeqHBa-
HHeM JIH60 XHMHqeCKHM ByanHpoBaHHeM 3MynbcHH [1, c.184]. 3JIeKTPOHbI
H3 <POTOBo36y~eHHoro KpaCHTeJISIHeo6paTHMo 3aXBaTbIBaIOTCSIcneUHanb-
HbIMH 3JIeKTPOHOaKUenTOpHhIMH~06aBKaMH (A). B B~e cxeMbI onHcaHHbIH
npouecc MO:lKHOBblpa3HTb CJIe~YIOmHMo6pa30M:

Kp' +A - KpT +A7 (77)

KpT (HJIH Kp') + [AgHal/Ag°] - Kp (HJIH Kp7) + [AgHaI/Ag+] (78)



,ll;bIpKH MOryT HH:>KeKTHpOBaTbCSI Kp* HJIH Kpt B BaJIeHTHyIO 30Hy AgHal.

B 3TOM CJIyqae KHHeTHKa npouecca, H, CJIe,ll,OBaTeJIbHO, ero 3<l><l>eKTHB-

HOCTb 6y,ll,YT Onpe,ll,eJISlTbCSI COOTHOIlleHHeM Efj2, Kp H E~3 (~E~). O,ll,HaKO

,lI,bIpKH MOryT 6bITb 3axBaqeHbI nOBepXHOCTHbIMH JIOByiliKaMH ,lI,bIpOK, HanpH-

Mep, ,lI,e<l>eKTHbIMH HOHaMH Br- HJIH r. B TaKOM CJIyqae 3<l><l>eKTHBHOCTb

cneKTPaJIbHOH ceHCH6HJIH3aUHH ,lI,OJI:>KHaonpe,ll,eJISlTbCSI BeJIHqHHOH KOHueH-

TPaUHH [Hal-]. ,ll;eHcTBHTeJIbHO, ,lI,JISi pSl,ll,a KPaCHTeJIeH CneKTPaJIbHaSi qyB-

CTBHTeJIbHOCTb n03HTHBHbIX 3MYJIbCHH B03paCTaeT C YMeHbIlleHHeM pBr.

B cJIyqae J-arpernpYIOIUHxCSI KpaCHTeJIeH ,lI,bIpKa MO:>KeTTPaHCJIHpOBaTb-

CSI no arperaTY H OKHCJISlTb Ag~ HenOCpe,ll,CTBeHHo, MHHySi BaJIeHTHyIO 30Hy

AgHal. TaKHM 06pa30M, B BapHaHTe npSlMoro n03HTHBHoro npouecca ca-

MO,ll,eCeHCH6HJIH3aUHSI KpaCHTeJIeH II THna TPaHc<l>opMHpyeTcSI B npouecc

CeHCH6HJIH3aUHH. B KaqeCTBe aKUemopoB 3JIeKTPOHOB (A) npHMeHSIIOT opra..,

HHqeCKHe coe,ll,HHeHHSI co 3HaqHTeJIbHbIM CP0,ll,CTBOM K 3JIeKTPOHy, HanpHMeP

BHOJIOreHbI. HCnOJIb3yeMbIH MeTHJIBHOJIoreH HMeeT CTPoeHHe: Io-o'h
CH3-N _ _ N-CH3'2Br-

BBe,ll,eHHe KPaCHTeJIeH, B TOM qHCJIe UHaHHHOBbIX, B <l>OTorpa<l>HqeCKHe

3MYJIbCHH MO:>KeTYBeJIHqHBaTb C06CTBeHHYIO (CHHIOIO) qYBCTBHTeJIbHOCTb HX.

TaKoe ,lI,eHCTBHe KPaCHTeJIeH Ha3bIBaIOT XUMUJtec1COU cellcu6UAU3a~ueU.
H3BeCTHO, qTO HeKOTopbIe ,lI,eCeHCH6HJIH3HPYIOIUHe KPaCHTeJIH npH OT-

HOCHTeJIbHO MaJIOH KOHueHTPaUHH nOBbIIllaIOT nOBepXHOcTHyIO qYBCTBHTeJIb-

HOCTb XHMHqeCKH HeCeHCH6HJIH3HpOBaHHbIX AgBr(I)-3MYJIbCHH. fJIy6HHHaSI

qYBCTBHTeJIbHOCTb npH 3TOM yMeHbiliaeTCSI. XHMHqeCKaSI ceHCH6HJIH3aUHSI

TaKOro THna Ha6JIIO,lI,aJIaCb B 3MYJIbCHSlX, CO,ll,ep:>KaIUHX TaKHe ,lI,eCeHCH6HJIH-

3HpYIOIUHe KPaCHTeJIH, KaK KanpH CHHHH HJIH ,lI,pyrHe OKca3HHOBbIe HJIH

,lI,Ha3HHOBbIe KPaCHTeJIH [I, c. 275)]. 3TO S1BJIeHHe Ha3bIBaIOT 3tjJtjJe1CmoM 1Canpu
cUllezo. 3<l><l>eKT KanpH CHHero Ha6JIIO,lI,aeTCSI TaK:>Ke,lI,JISitIeKOTopbIX UHaHHHO-

BbIX H MepoUHaHHHoBbIX KPaCHTeJIeH, 3HaqHTeJIbHO B03paCTaSI C ,lI,JIHHOH uenH,

T. e. C ymy6JIeHHeM YPOBHSI CHB. 3<l><l>eKT KanpH CHHero paCTeT C nOHH:>KeHHeM

pAg H na,ll,aeT C pOCTOM CO,ll,ep:>KaHHSI02 B OKpY:>KaIOIUeH cpe,ll,e.

XHMHqeCKaSI CeHCH6HJIH3aUHSI MaJIOqYBCTBHTeJIbHbIX 3MYJIbCHH ,lI,eCeHCH-

6HJIH3HPYIOIUHMH KPaCHTeJISlMH CBSl3aHa C 3axBaTOM HMH <l>oT03JIeKTPOHOB

Ha nOBepXHOCTH AgHal C 06pa30BaHHeM Kp7 C nOCJIe,ll,YIOIUHM nepeHOCOM

3JIeKTPOHOB Ha nOBepXHOCTHbIe HOHbI cepe6pa C 06pa30BaHHeM npe,ll,ueH-

TPa CH. nO-BH,lI,HMOMY, 3axBaT 3JIeKTPOHOB Kp n03BOJISIeT YMeHbIIIHTb Bepo-

S1THOCTb3JIeKTPOH-,lI,bIPOqHbIX npoueCCOB peKOM6,HHaUHH.

H3BecTHa XHMHqeCKaSI ceHCH6HJIH3aUHSI KPacHT~JISlMH C MaJIbIM CpO,ll,-

CTBOM K 3JIeKTPOHy, KOTOpaSl 06l>S1CHSleTcSI 3axBaTOM ,lI,bIpOK AgHal Kpa-

CHTeJIeM H TeM caMbIM TaK:>Ke C YMeHbIlleHHeM peKoM6HHauHoHHbIX npo-

ueCCOB [2, c.400]. TaKoro THna XHMHqeCKaSI ceHCH6HJIH3aUHSI xapaKTepHa

,lI,JISi MeJIK03epHHCTbIX 3MYJIbCHH. CeHCH6HJIH3aUHSI KPacHTemIMH, 3aXBaTbI-

BaIOIUHMH ,lI,bIpKH, 6bma npO,ll,eMOHCTPHpOBaHa JIeH6HepoM [93], KOTOpbIl1

nOKa3aJI CBSl3b 3<l><l>eKTHBHOCTH XHMHqeCKOH ceHCH6HJIH3aUHH C Efj2, Kp:

C YMeHbIlleHHeM Efj2, Kp ,lI,0 0,5 B Ha6JIIO,lI,aJICSI POCT CBeTOqYBCTBHTeJIbHOCTH,

nOCJIe 0,5 B XHMHqeCKaSI ceHCH6HJIH3aUHSI 6bma nocToSlHHOH. B pa60Te [94]

Ha oC060MeJIK03epHHcTbIX AgBr(I)-3MYJIbCHSIX 6e3 XHMHqeCKOH ceHCH6HJIH-

3aUHH, C S- H S + Au-ceHCH6HJIH3aUHeH 6bmo nOKa3aHO, qTO BBe,ll,eHHe

KpaCHTeJIeH C Efh, Kp < 0,75 B (OTH. H. K. 3.) BbI3bIBaeT ,lI,OnOJIHHTeJIbHbIH

POCT qyBcTBHTeJIbHOCTH, nO-BH,lI,HMOMy, TaK:>Ke 3a CqeT aKuenTHpOBaHHSI ,lI,bI-

pOK AgHal.

§ 22. ByaJIHPYlOmee .neUCTBHe KpaCHTeJIeU
H3BeCTHO, qTO HeKOTopbIe KPaCHTeJIH BbI3bIBaIOT pOCT ByaJIH <l>OTOCJIoeB

cpa3Y nOCJIe HX BBe,ll,eHHSI B 3MYJIbCHIO HJIH B npouecce xpaHeHHSI nOJIHTbIX

CJIOeB [I, c.275]. XapaKTepHO, qTO ByaJIHpOBaHHe BbI3bIBaIOT KaK KPacHTeJIH

3JIeKTPOHO,ll,OHOpHOro THna, TaK H KPaCHTeJIH 3JIeKTPOHoaKuenTopHoro TH-

na. BYaJIHpOBaHHe 3JIeKTPOHO,ll,OHOPHbIMH KPaCHTeJISlMH CBSl3aHO C TeMHOBbIM

BOCCTaHOBJIeHHeM AgHal C 06pa30BaHHeM ~-ueHTPOB ByanH. CKJIOHHOCTb

K ByaJIHpOBaHHIO YBeJIHqHBaeTCSI y 3MyJIbCHH C XHMHqeCKOH CeHCH6HJIH3aUH-

eH, oc06eHHo C S- H S + Au-ceHCH6HJIH3aUHeH. BYaJIHPYIOIUaSI cnoco6HoCTb

KPaCHTeJIeH B03pacTaeT C YMeHbIlleHHeM Efh Kp' Cpe,ll,H UHaHHHOB, MepoUH-

aHHHOB H CJIO:>KHbIXUHaHHHOBbIX KPacHTeJIeH ByaJIHpyIOIUee ,lI,eHCTBHe pacTeT

C ,lI,JIHHOH nOJIHMeTHHoBoH uenH H OCHOBHOCTbIO reTepOUHKJIHqeCKHX SI,lI,ep.

,ll;JISi cHMMeTPHqHbIX 6eH3HMH,lI,aKap60UHaHHHoB OTMeqeHa KOppeJISlUHSI Me:>K-

,lI,y npHcYTcTBHeM 3JIeKTPOHO,ll,OHOPHbIX rpynn (CH3- HJIH CH30-) H pOCTOM

ByaJIHpOBaHHSI [I, c. 275].

ByaJIHpOBaHHe KPaCHTeJISlMH BKJIIOqaeT TepMHqeCKH B036Y:>K,ll,aeMbIH ne-

peXO,ll, 3JIeKTPOHOB OT MOJIeKYJI Kp B OCHOBHOM COCTOSlHHH (c YPoBHeH CB3)

K 3JIeKTPOHOaKuenTopHbIM ueHTPaM Ha nOBepXHocTH MHKPOK~HCTaJIJIOB

AgHal, HanpHMep K Ag~OB' C 06pa30BaHHeM CHaqaJIa aTOMOB Ag , a 3aTeM

npOSlBJISIeMbIX ueHTPoB Ag~. ECTecTBeHHo, qeM BbIIlle ypOBeHb CB3 KPaCHTeJISI,

TeM CHJIbHee ByaJIHpyIOIUaSi cnoc06HocTb.

XOpOiliO H3BeCTHO ByaJIHpyIOIUee ,lI,eHCTBHe HeKOTopbIX TPY,ll,HOOKHCJISle-

MbIX KpaCHTeJIeH TaKHX, KaK MeTHJIeHOBbIH roJIy60H (Mr) H S1HyC 3eJIeHbIH.

BYaJIHPYIOIUHH 3<l><l>eKT Mf CBSl3aH C ero a,lI,COp6UHeH Ha ,lI,e<l>eKTax peIlleT-

KH AgHal H, npe:>K,ll,e Bcero, Ha nUe [59]. B pa60Te [59] nOKa3aHO, qTO

B npouecce cepHHcToH ceHCH6HJIH3aUHH AgBr-MHKpOKPHCTaJIJIOB no Mepe

HaKOnJIeHHSI Ag2S-ueHTPOB ByaJIb, BbI3bIBaeMaSi MaJIbIMH KOJIHqeCTBaMH Mf,

3aKOHOMepHO B03paCTaeT. 3TO HJIJIIOCTPHpyeTcSI pHC. 123. BYaJIHpYIOIUee ,lI,eH-

CTBHe Mf 06l>S1CHSleTcSI a,lI,COp6UHeH ero KaTHOHa (Mf+) Ha npHMeCHbIX

Ag2S-ueHTPax H KaTaJIH30M 3JIeKTPOHHorO nepeHoca OT npOSlBJISlIOIUerO Be-

IUeCTBa (Red) Ha 3TH ueHTPbI. CXeMaTHqeCKH 3TO nOKa3aHO Ha pHC. 124,
13 3aK. 65



+ ~SjMr+; Ag2SjAg:

o Ag2S

- Red

Pac.12S. MO,lleJIb TPHO,lll1, HJlJIlOCTPHPYIOXUllRPOJlb Ag2S-ueHTpoB (<<ceTKH») B pery-
JlHpoBaHHH TOKa npoRBllCHHJl. Ag2S/Mf+ - Ag2S-ueHTp C 8.llCOp6HpoBaHHbIM Mf+;
Ag2S/At:. - UCHTP CKpbIToro «pOTorpaqlH'IccKoro H306pll)KeHHJl [59]PIIc.123. 3a.BHCHMOCTL cBeTOqyBCTBHTeJIbHOCTH 80,2 (1) H ByaJIH Do (2,3) AgBr-

3My.iIbCHHOT BpeMeHH cepHHCTO-30JlOToil: CeHCH6HJIH3auHH 1"to:lp: 2 - 3M}'J1bCHJl
6e3 Mf; 3 - 3M)rJlbCHJl C Mf C KOHueHTpauHeil: 5· lO-s MOJlbjMOJIb AgBr [59] ,ll,JUI60JIbweA HarJUI,IlHOCTH3«l>«l>eKTMeTHJleHoBoro ro.ny60ro MoxeT 6bIT"6

paCCMOTpeH B MO,lleJIH1'PHO,lla (pHc.125), comaCHO KOTOpoA OTpHuaTeJIbHbIA
3ap$l,ll Ha KaTO,lle C03,llaeTCJI BOCCTaHOBHTeJIeM Red (npOJlBJIJlIOIUHM BeIUe-
CTBOM), a nOJIO)KHTeJIbHhlA Ha aHO,lle - raJIOreHH,llOM cepe6pa. «CeTKoA»
JlBJIJIIOTCJIAg2S-ueHTpbI. 3ap$l,ll Ha ceTKe peryJIHpyeT TOK Me)K,lly KaTO,llOM
H aHO,llOM, T. e. npouecc npoJlBJIeHHJI AgHal. ,!l,mI yCHJIeHHJI TOKa 3ap$l,ll
Ha Ag2S-UeHTpax ,llOJI)KeH6bITb nOJIO)KHTeJIbHbIM. B CJIyqae Mr nOJIO)KHTeJIb-
HbIA 3aP$l,ll C03,llaeTCJI 3,llCOp6HPOBaHHbIM KaTHOHOM 3JIeKTPOHOaKUenTopHoro
«l>eHTHa3HHoBOro KPaCHTeJIJI (Ag2S/Mr+), 'iTO npHBO,llHT K CYIUeCTBeHHO-
My pOCTY TOKa H, KaK CJIe,llCTBHe, K BYaJIe06pa30BaHHIO. B ,llaHHOM CJIy-
qae Mr+ HrpaeT POJIb cepe6pa CKPbITOro H306paxeHHJI, 06pa3YIOIUerocJI
Ha Ag2S-ueHTpax npH 3aCBeTKe H KaTaJIH3HpYIOIUero npouecc npOJlBJIeHHJI.
IIPH 3KcnOHHpoBaHHH 06Pa3YIOTCJI nOJIOXHTeJIbHO 3apJI)KeHHbIe cepe6pJlHbIe
qaCTHUbI Ag;t - ueH1'pbI CKPhlToro H306paxceHHJI (Ag2S/Ag~). 3TO TaKXe
cnOC06CTByeT yCKOpeHHIO nepeHoca 3JIeKTPOHOB OT Red K AgHal.

OC06yIO CKJIOHHOCTb K BYaJIe06pa30BaHHIO npOJlBJIJlIOT HH«l>paxpoMa-
THqeCKHe KPaCHTeJIH. Hx BYaJIHpyIOIUee ,lleACTBHe MoxeT OCYIUeCTBJUITbCJI
no o6oHM paCCMOTpeHHbIM MexaHH3MaM, TaK KaK HK-KpaCHTeJIH, C O,llHOH
CTOpOHbI, 06JI3,llaIOT BOCCTaHOBHTeJIbHbIMH cBoAcTBaMH (MaJIaR BeJIHqHHa
Efh,Kp), a C ,llpyroR CTOPOHbI, OHH RBJIJlIOTCR3JIeKTPOHHbIMH aKuenTOpaMH

(Erit Kp > -1,0 B). BOCCTaHOBJIeHHe KpaCHTeJIeM HOHOBAg+ Ha nOBepXHOCTH

MHKPOKPHCTaJIJIOBAgHal ,llOJI)KHOnpHBO,llHTb K cepe6pRHoR ByaJIH. TIo aHa-
JIOrnH C 3«l>«l>eKTOMMeTHJIeHOBQrO roJIy60ro MOXHO nOJIaraTb, lITO ByaJIb,
BbI3bIBaeMaR MK-KPaCHTeJIRMH H B03paCTaIOIUaJI C YBeJIHqeHHeM HX Cpo,ll-
CTBa K 3JIeKTPOHy, 'iaCTHqHO 06YCJIOBJIeHa 3,llCOp6UHeA KPaCHTeJIeR Ha TIlle
H KaTaJIH30M nepeHOCa 3JIeKTPOHOB OT npORBHTeJIJI K npHMeCHblM ueHTpaM.

comaCHO KOTOPOMY B pe3YJIb1'aTe a,llCOp6UHH Mr+ Ha Ag2S-UeHTpax npo-
necc nepeHoca3JIeKTPOHa OT Red K Ag2S H ,llaJIee Ha AgHal pa36HBaeTCJI
Ha ,llBe CT3,llHH, nepBoA H3 KOTOpbIX JlBJIJleTCJI3JIeKTPoHHbIA nepeHoc OT Red
Ha Mr+, a,llCOp6HpoBaHHbIR Ha Ag2S. BJIaro,llapJl YMeHbweHHIO 3HeprnA
aKTHB3UHH·E~n H E:ICI' ,llBYX CTa,llHA no. cpaBHeHHI<) C Ean O,llHOCTa,llHA-
HOro nepeHoca MeKTpOHa or Red Ha Ag2S~ueHTP Ha6JIIO.naeTCJI KaTaJIH3
OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHOApeaKUHH.

Red~

Jf._..J E. 'BICT < EarrRed •. J.
Mf+ . ':::r E"BICT

Ag2S-ueHTP

Pac. 124. CxeMa KaTaJIH3a nepeHoca 3JIeKTpOHOB OT npollBJUlIoxuero BexueCTBa (Red)
Ha Ag2S-ueHTp C yqacTHeM Mr+ [59]



npou;eCCbI npO.HBJIeHIUI H cl>HKcHpoBaHIUI

§ 1. <J)oTorpa4»lf1IeCKOenpOBBJIeUHe KaK
OKHCJIHTeJIhUO-BOCCTaUOBHTeJIhUaB peaKUHB

<l>oTorpa<pHqecKoe rrpO$lBJIeHHe - yCHJIeHHe CKPblTOro <pOTorpa<pHqe-

CKOro H306pIDKeHH$I .ll0 BH.llHMOro. 110 CBoeH CYTH rrpO$lBJIeHHe SIBJlSIeTCSI

peaKUHeH BOCCTaHOBJIeHH$I HOHOB cepe6pa H3 AgHal .ll0 MeTaJUIHqeCKoro

cepe6pa H O.llHOBpeMeHHoro OKHCJIeHHSI MOJIeKYJIbl rrpO$lBJISIIOmero BemeCTBa.

MeTaJUIHqeCKOe cepe6po <popMHpyeT BH.llHMoe H306pIDKeHHe.

COrJIaCHO paCqeTaM rrpH HOpMaJIbHOH 3Kcrr03HUHH Ha 1 CM2 3MyJIbCH-

OHHOro CJIOSI BbmeJI$leTC$I OKOJIO 107
aTOMOB cepe6pa CKpblTOro H306pIDKe-

HHSI (95). I10CJIe rrpOSIBJleHHSI CJIOSIKOJIHqeCTBO aTOMOB BbmeJIHBweroC$I cepe6-

pa B03paCTaeT.ll0 1017
aTOMOB. OTCIO.lla CJIe.uyeT, qTO K03<P<PHUHeHT yCHJIeHHSI

.llOCTHraeT BeJIHqHHbl 1010
ra3. 110 .llPyrHM .llaHHbIM, OH HMeeT HeCKOJIbKO

MeHbWHH rrOpSl.llOK 109_101 BCJIe.llCTBHe BJlHSIHHSI .llHCrrepCHOCTH MHKPOKPH-

CTaJUIOB AgHal H yCJIOBHH rrpOSIBJleHHSI (95). TaKHM 06pa30M, CTaHOBHTCSI

rrOHSITHOH OrpOMHaSI POJIb CTa.uHH rrpOSIBJleHHSI B <poTorpa<pHqeCKOM rrpouec-

ce - rrpO$lBJIeHHe KaK 6bl YBeJIHqHBaeT KBaHTOBbIH BbIXO.ll <poTOrpa<pHqeCKOrO

rrpouecca B MHJIJIHap.llbl pa3. 31'0 rr03BOJISIeT .llOCTHraTb BblCOKHX rrOKa3aTe-

JIeH CBeTOqYBCTBHTeJIbHOCTH <poToMaTepHaJIOB. XapaKTepHoH oc06eHHOCTbIO

rrpouecca rrpOSIBJIeHHSI SIBJlSIeTCSIero H36HpaTeJIbHOCTb - rrpOSIBJISIIOTCSI JIHWb

3aCBeqeHHble MHKpOKPHCTaJUIbl, HMeIOmHe ueHTPbl CKpblTOrO H306pIDKeHHSI

(IJ,CI1). TOqHee, CKOpOCTb rrp0$lBJIeHHSI 3KcrrOHHpOBaHHblX MHKpOIq>HCTaJI-

JIOB cymecTBeHHO rrpeBOCXO.llHT CKOpOCTb rrpOSIBJleHH$I MHKpOKPHCTaJUIOB,

He rrO.llBeprWHXCSI .lleHCTBHIO CBeTa. TaKHM 06pa30M, peaKUHSI rrpOSIBJleHHSI

06Hapy)l(HBaeT KamaJlUmU'1eC1CUU HJIH, TOqHee, aBTOKaTaJIHTHqeCKHH xapaKTep.

06paTHMYIO OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHYIO peaKUHIO npOSIBJleHHSI

MO)l(HO npe,UCTaBHTb B BH.lle:

r,Ue Red - npOSIBJlSIIOmee BemeCTBO, Ox - ero OKHCJIeHHaSI <popMa, n -
'UICJIO 3JIeKTPOHOB, OT,UaHHbIX npOJl6AJl1OUI,UM 6eUl,eCm60M (I1B).

CymeCTBYIOT ,UBa crroc06a npOSIBJleHHSI: XUMU'1eCKOe H tjJu3U'1eCKoe. I1pH

XHMHqeCKOM HJIH rrpSIMOM rrpOSIBJIeHHH 3KcnoHHpoBaHHblH CJIOH 3MYJIbCHH

npHBO.llHTC$I B KOHTaKT C paCTBOpOM, cO.llep:lKamHM BOCCTaHOBHTeJIb - rrpo-

SIBJlSIIOmee BemeCTBO. PaCTBOpHMaSI cepe6pSIHa$l COJIb B npOSIBHTeJIe OTCYT-

cTByeT H Bce BOCCTaHOBJIeHHoe npOSIBHTeJIeM cepe6po rrOJIyqaeTcSI B pe3YJIbTaTe

XHMHqeCKOH peaKUHH BOCCTaHOBHTeJISI C raJIOreHH.llOM cepe6pa CJIOSI. XHMH-

qeCKOe rrpOSIBJleHHe SIBJI$leTCSI OCHOBHblM THnOM rrpOSIBJIeHHSI B cOBpeMeHHoH

<poTorpa<pHqeCKOH rrpaKTHKe.

I1pH <pH3HqeCKOM npOSIBJIeHHH HOHbl cepe6pa, He06xo.llHMble .llJISI peaK-

UHH, rrOCTYrraIOT H3 pacTBopa COJIH cepe6pa. TaKHM 06pa30M, B <pH3HqeCKHX

rrpOSIBHTeJl$IX rrpHcYTcTByIOT HOHbl Ag+ H BOCCTaHOBHTeJIb, qTO ,UeJIaeT HX He-

cTa6HJIbHbIMH. <l>H3HqeCKOe npOSIBJleHHe MO:lKeT rrpHMeHSITbcSI JIH60 ,uo <pHK-

cHpoBaHHSI CJIOSI, T. e • .ll0 Y.llaJIeHHSI H3 Hero Hepa3JIO:lKeHHOrO AgHal, JIH60

rrOCJIe <pHKCHpOBaHHSI. B HaCTOSImee BpeMSI npOSIBJleHHe B pacTBopax <pH3H-

qeCKHX rrpOSIBHTeJIeH rrpe,UCTaBJISIeT B OCHOBHOM TeOpernqeCKHH HHTepec.

B rrOCJIe.llHHe ro.llbl Bce 60JIee WHpOKoe rrpHMeHeHHIO HaxO.llHT O,UHH

H3 BapHaHTOB <pH3HqeCKoro rrpOSIBJleHHSI, HCrrOJIb3yeMblH B <pOTorrpoueccax

C «CyxHM» npO$lBJIeHHeM, B TaK Ha3blBaeMblX rrpoueccax "dry silver" - «cyxoe

cepe6po». B 3TOM rrpouecce MaTepHaJI rrOCJIe 3KcrrOHHpOBaHH$I He rrO.llBep-

raeTCSI MOKPoA 06pa60TKe B pacTBopax, a rrpOSIBJI$leTCSI TepMHqeCKH, T. e.

HarpeBOM <pOTOCJIOSI. B <pOTorpa<pHqeCKOM CJIoe CO.llep:lKHTCSI COJIb cepe6pa

C OpraHHqeCKOA KHCJIOTOA (HarrpHMep, 6ereHaT cepe6pa HJIH 6eH30TPHa30JIaT

cepe6pa) H rrpOSIBJlSIIOmee BemeCTBO. I1pH HarpeBe cepe6pSIHaSI COJIb rrepexo-

,UHT B :lKH.llKoe COCTOSIHHe H CTaHOBHTCSI B03MO:lKHbIM <pH3HqecKoe rrpOSIBJleHHe

rrpH peaKUHH HOHOB Ag+ C rrpOSIBJlSIIOmHM BemecTBOM Ha KaTaJIHTHqeCKHX

IJ,CI1 3aCBeqeHHblX MHKPOKPHCTaJUIOB AgHal.

<l>H3HqeCKOe npO$lBJIeHHe HaWJIO rrpHMeHeHHe TaK:lKe B ,UH<P<PY3HOHHbIX

npoueccax, paCCMOTPeHHblX HH)I(e.

I1poSIBJlSIIOmee BemecTBo SIBJlSIeTCSIBOCCTaHOBHTeJIeM, O.llHaKO He Ka:lK,UbIH

BOCCTaHOBHTeJIb MO:lKeT CJIY:lKHTb npOSIBJlSIIOIUHM BeIUeCTBOM. I1poSIBJlSIIOmee

BemeCTBO .ll0Jl:lKH0 Y.llOBJIeTBOpSITb HeKOTopblM <pOTorpa<pHqeCKHM TPe60Ba-

HHSIM: I) OHO .llOJI:lKHO BOCCTaHaBJIHBaTb HOHbl Ag+ C 60JIbWeH CKOpOCTbIO

H3 3KcnOHHpOBaHHblX MHKpOKPHCTaJUIOB AgHal, qeM H3 He3KcnOHHpOBaH-

HbIX, 2) xopou1o pacTBopSITbCSI B Bo,Ue HJIH B nOJJ.XO.llSImeM pacTBOpHTeJIe,

3) 6blTb cTa6HJIbHbiM H CTOHKHM K OKHCJIeHHIO B03.llYXOM, 4) ,UaBaTb 6ecUBeT-

Hble H pacTBopHMble npO,UyKTbl OKHCJIeHH$I, 5) 6blTb 6e3Bpe,UHbIM, HeTOK-

CHqHblM H 6) 3KOJIOrHqeCKH qHCTbIM KaK B BOCCTaHOBJIeHHOH, TaK H B OKH-

CJIeHHOH <pOPMax [1, c.298). B npouecce OKHCJIeHHSI npOSIBJlSIIOWHX BemeCTB

raJIOreHH,UOM cepe6pa B paCTBope B03paCTaeT KOHueHTPaUHSI OKHCJIeHHOH



¢lOPMhI Ox, qTO npHBO,IUIT K YMeHhWeHHIO BOCCTaHOBHTeJIhHhlXCBOHCTBnpo-
51BHTeml, TaK KaK YMeHhillaeTC5I BOCCTaHOBHTeJIhHhIH nOTeHUHaJI. TI03TOMY
B COCTaB np05lBHTeJIeH BXOJUlTBellleCTBa, CB5I3hIBaIOlllHe OKHCJIeHHyIO ¢lOPMY
np05lBJI5IIOlllero BellleCTBa.

EhIJIO HaH.lleHO 60JIhilloe KOJIHqeCTBO BellleCTB, 60JIee HJIH MeHee OT-
BeqaIOlllHX nOCTaBJIeHHhIM Bblille TPe60BaHH5IM. Cpe.llH HHX HMeIOTC5I HeOp-
raHHqeCKHe H OpraHHqeCKHe BellleCTBa. lil3 HeOpraHHqeCKHX npo5lBHTeJIeH
HaH60JIee H3BeCTHbI )l(eJIe3HhIH H BaHaJJ.HeBhlH np05lBHTeJIH. )KeJIe3HhIH npo-
5IBHTeJIh Ha OCHOBe HOHOB Fe2+ (CHCTeMa Fe2+ /Fe3+) CO.llep)I(HT B CBOeM
COCTaBe OpraHHqeCKHe KHCJIOThI - lllaBeJIeByIO, JIHMOHHyIO HJIH MaJIOHOByIO,
KOTOphle CHJIhHee KOMnJIeKcyIOT HOH Fe3+, 6JIaro.llap51 qeMy nO.!l.!lep)I(HBaeTC5I
BOCCTaHOBHTeJIhHblH nOTeHUHaJI CHCTeMhI. HOH )l(eJIe3a Fe3+ MO)l(HO TaK)l(e
CB5I3hIBaTh HOHOM F- C 06pa30BaHHeM KOMnJIeKcHoro aHHOHa FeF~-. HOHhI

Fe2+ H F- He 06pa3YIOT CTa6HJIbHOro KOMnJIeKca.
B HenpephIBHhlX npoueccax 06pa6OTKH HailleJI npHMeHeHHe BaHaJJ.HeBbIH

np05lBHTeJIh Ha OCHOBe y2+(VBr2)' HOH y2+ aKTHBHee 60JIhIllHHCTBa opraHH-
qeCKHX np05lBJI5IIOlllHX BellleCTB. HanpHMep, n03HTHBHYIO nJIeHKY 3a 15-20 C
OH np05lBJl5leT .ll0 TaKOH )l(e cTeneHM, KaK MeTOJIrH.llpOXHHOHOBhIH3a 10 MMHYT.
B03MO)I(HOCTb 3JIeKTPOJIHTHQeCKoro BOCCTaHOBJIeHH5Iy3+ n03BOJl5leT HCnOJIh-
30BaTh COJIHBaHaJJ.H5IB 06pa6aThIBaIOlllHX pacTBOpax HenpephIBHoro .lleHCTBH5I.

H3 .llPYrHX HeOpraHHQeCKHX np05lBHTeJIeH ynoMlIHeM nepeKHcb BO.ll0po.lla
H202, rH.llpOKCHJIaMHH NH20H H rH.llpa3HH N2H4.

O.llHaKO IllHpOKoe npaKTHqecKoe npHMeHeHHe nOJIyqHJIH TOJIhKOOpra-
HHqeCKHe npo5lBJl5lIOlllHe BelllecTBa. TIepBhIM H3 TaKHX BellleCTB 6bIJl ¢le-
HH.llOH. TIpaKTHQecKoe npHMeHeHHe nOJIyqHJIH TaKHe npOH3BO.llHhIe 6eH30JIa,
KaK rH.llpOXHHOH (XXIX), n-aMHHo<PeHOJI (XXX), n-¢leHHJIeH.!lHaMHH (XXXI)
H HX npOH3BO.llHhIe.

OH

¢
KaK npaBHJIO, OpraHHqeCKHMH np05lBJI5IIOlllHMH BellleCTBaMH 1IBJI1IIOT-

C5I npOH3BO.llHhle apOMaTHqeCKoro pMa HJIH OTKPhIThIX nOJIHeHOBhlX 1f-
COnp5l)l(eHHhIX CHCTeM, CO.llep:lKalllHe no KpaHHeH Mepe .llBe aKTHBHhle 3JIeK-
TPOHO.llOHOpHhle rpynnhI - rH.llPOKCH- HJIH aMHHO- (He3aMellleHHhle HJIH
3aMellleHHhle) HJIH HX COqeTaHHe. KeH.llaJIJl [96] 0606111HJI CTPYKTYPhI npo-
51BJI5IIOlllHXBellleCTB B BH.lle:

I I
A-(C=C)n -A (XXXII)

r.lle A H A' = OH, NH2, NHR, NR2, n - ueJIoe qHCJIO. B KaqeCTBe
npe.lleJIhHOrO CJIyqa5l, 3TOH CTPYKTYPe npH n = 0 COOTBeTCTBYIOTynoM5IHYThIe

HeOpraHHqeCKHe np05lBHTeJIH: nepeKHCh BO.ll0p0.lla HO-OH, rH.llpOKCHJIaMHH
NH2-0H H rH.llpa3HH NH2-NH2. TIPH n = 1 3TOH CTPyKTYpe OTBeqaeT
H3BeCTHoe np05lBJI5lIOlllee BellleCTBO - aCKop6HHOBa51 KHCJIOTa (XXXIII):

HO OH

oJ::5,.~H-CH,OH
IOH

npH n = 2 HMeeM rH.llPOXHHOH (XXIX), n-aMHHO¢leHOJI (XXX) H n-¢leHHJIeH-
.llHaMHH (XXXI).

TIP05lBJI5lIOllla51 cnoc06HocTh BellleCTB, OTBeQaIOlllHX ¢l0pMYJIe KeH.llaJIJla,
06yCJIOBJIeHa BhICOKHM 3JIeKTP()HHbIM ypOBHeM CB3 B 3THX 1f-COnpIDKeH}{hIX
cHcTeMax. PaCqeThI MeTO.llOM MO B npH6JIH)I(eHHH XIOKKeJI5I [97], CBH.lle-
TeJIbCTBYIOT, q!O BhlCillHe 3anOJIHeHHhie ypOBHH B 1,4-(H 1,2-) OH- H NHr
3aMellleHHbIX 6eH30JIa JIe:lKaT BhlIlle, qeM B 1- H 1,3-3aMellleHHhlx. TIP05lBJI5lIO-
llla51 cnoC06HOCTh rH.llpOKCHnpOH3BO.llHhIX 6eH30JIa yaeJIHQHBaeTC5I B llleJIOQ-
HOH cpe.lle. ::no 06YCJI0BJ1eHO TeM, qTO 3TH coe.llHHeHH5I 5IBJl5IIOTC5ICJIa6hlMH
KHCJIOTaMH. HanpHMep, rH.llPOXHHOH 5IBJl5IeTC5ICJIa60H .llByxOCHOBHOH KHCJIO-
TOH, .!lHCCOUHHpYIOllleH B .llBe CTaJJ.HH:

KOHCTaHTa .llHCCOUHaUHH nepBOH CTaJJ.HH K1 = 10-10, BTOPOH K2 =
3· 10-12 B llleJIOqHOH cpe.lle paBHOBeCHe peaKuHH (80) H (81) C.llBHHYTO
BnpaBO B CTOpOHy aHHOHHbIX ¢lOPM rH.llpOXHHOHa. YpOBHH 3JIeKTPOHOB CB3
B HOC6H40- H B C6H40~- BhlIlle, qeM B C6H4(OHh (pHC. 126), n03TO-
My BOCCTaHOBHTeJIhHa5Icnoc06HOCTh rH.llPOXHHOHa B03paCTaeT C yBeJIHqeHH-
eM pH paCTBopa. 3aBHcHMoCTh OKHCJIHTeJIhHO-BOCCTaHOBHTeJIhHOrO nOTeHUH-
ana paCTBopa np05lBHTeJI5I OT pH paCCMOTPeHa HH)I(e. 3aMeHa O.llHOrO BO.ll0p0.lla
rH.llPOKCHJIbHOH rpynnhI rH.llpOXHHOHa HJIH n-aMHHO¢leHOJIa Ha aJIKHJIhHYIO
rpynny YHHqTO)I(aeT np05lBJI5lIOlllYIO cnoc06HoCTh BellleCTBa. 3TO CB5I3aHO



PIle. 126. OrHocHTeJIbHOe nOJIo:lKeHHe BbIC-
WHX 3anOJIHeHHbIX 3JIeKTpOHHbIX ypoBHeH
(CB3) )llliI Pa3JIH'IHbIX 4>OpM nmpOXHHOHa

C nOTepeH COe,l(HHeHIUIMH KHCJIOTHblX CBOHCTB H C HeB03MO:>KHOCTbIO HX ne-

pexo,l(a B COCTOSlHHe aHHOHa C nOCJIe,l(yIOmHM OKHCJIeHHeM ,l(0 XHHOHa. C ,ri.py-

roii CTOpOHbl, 3aMemeHHe BO,l(OpO,l(a aMHHorpynnbl B n-aMHHo4>eHOJIe HJIH

B n-4>eHHJIeH,l(HaMHHe Ha aJIKHJIbHYIO rpynny YBeJIHtIHBaeT aKTHBHOCTb TIB.
HanpHMep, MeTOJI (XXXIV) SlBJISleTCSI60JIee aKTHBHblM npOSlBJISIIOmHM Beme-

CTBOM, lJeM n-aMHHo4>eHOJI (XXX). TIPH BBe,l(eHHH MeTHJIbHOH H 3THJIbHOH

rpynn B n-4>eHHJIeH,l(HaMHHbI npOSlBJISIIOmaSI cnoc06HoCTb BemeCTB E03pa-

cTaeT, B oc06eHHocTH, KOr,l(a 3TH rpyfinbl 3aMemaIOT 06a BO,l(0p0,l(a O,l(HOH

H3 aMHHOrpynn ((XXXV), (XXXVI».

3T0 CBSl3aHOC 3JIeKTPOHO,l(OHOpHbIM BJIHSlHHeM aJIKHJIbHbIX rpynn H C no-

BbIllIeHHeM YPOBHSI £B3.

Cpe,l(H OpraHHlJeCKHX npOSlBJISIIOmHX BemeCTB oc060e MeCTO no CBoe-

My CTPoeHHIO 3aHHMaeT 4>eHH,l(OH - 1-4>eHHJI-nHpa30JIH,l(OH-3, nOJIy>lHBllIHH

llIHpOKoe pacnpOCTPaHeHHe. <1>eHH,l(OH He nOJlXO,l(HT no,l( CTPYKTYPY KeH,l(aJI-

JIa. B meJIOlJHOH cpe)l;e 4>eHH,l(OH (XXXVII.), KOTOpblH MO)[(eT cymecTBoBaTb

B )l;Byx TaYTOMepHblX 4>opMax, HOHH3HpyeTcSI B JIaKTHMHblH aHHOH (XXXVIII),

CH2- C=O CH2- C-OH CH2- C-O-
I I I II ow I II-e

CH2 NH:= CH2 N := CH2 N :=,...... ,...... , .

666
CH-C-O'

I 2 II
CH2 N, .

N

6

KOTOPblH nO,l(BepraeTCSI 0,l(H03JIeKTPOHHOMY OKHCJIeHHIO C 06pa30BaHHeM CTa-

6HJIbHOro PMHKaJIa (XXXIX).
IfH,l(HBH,l(YaJIbHO 4>eHH,l(OH He npHMeHSleTCSI, a JIHllIb B COlleTaHHH C rH,l(pO-

XHHOHOM, YCHJIHBaSI 4>OTorpa4>HlJeCKYIO aKTHBHOCTb nOCJIe,l(Hero. Pellb H,l(eT

o TaK Ha3bIBaeMOM cynepa,l()l;HTHBHOM ,l(eHCTBHH npOSlBJISIIOmHX BemeCTB.

§ 4. 3JIeKTpOXHMHII npou;ecca npOBBJIeHHB

TIepBHlIHaSI peaKUHSI BOCCTaHOBJIeHHSI AgHal rH)l;pOXHHOHOM (rx) npo-

TeKaeT no CJIe,l(yIOmeMy ypaBHeHHIO:

OH 0¢+ AgHm =0+ 2Ag'+2HHm

OH 0
TIPO,l(YKTOM OKHCJIeHHSI SlBJISleTCSI 6eH30XHHOH. PeaKUHSI (82) 3anHcaHa

KaK 06paTHMblH rrpouecc, O,l(HaKO, KaK 6Y,l(eT nOKa3aHO HH)J(e, H3-3a no-

cJIe,l(yIOmeH peaKUHH 6eH30xHHoHa C CYJIb4>HT-HOHOM, npouecc rrpOSlBJIeHHSI

He06paTHM. B CJIyqae )l;pyrnx npOSlBHTeJIeH - n-aMHHo4>eHOJIa, MeTOJIa,

n-4>eHHJIeH,l(HaMHHa - npH aHaJIOrnlJHOM npouecce 06pa3yIOTCJl XHHOHH-

MHH (XL), MeTHJIXHHOHHMHH (XLI) H XHHOH)l;HHMHH (XLII):

oo~)
NH

oo (XLI)

NCH3

NHo (XLII)

NH

YpaBHeHHe (82) MO)[(HO npe)l;CTaBHTb B BH,l(e ,l(BYX, TaK)J(e 06paTHMblx,

peaKUHH BOCCTaHOBJIeHHSI H OKHCJIeHHSI:

2Ag+ + 2e ~ 2Ag°

Red - 2e ~ Ox + 2H+

(83)
(84)

TaK KaK 3TH ,l(Be peaKUHH 06paTHMbI, K HHM npHJIO)[(HMa TeOpHJl OKHCJIH-

TeJIbHO-BOCCTaHOBHTeJIbHbIX nOTeHUHaJIOB. 1f3 3JIeKTPOXHMHH H3BeCTHO, liTO

cnoc06HOCTb MOJIeKYJIbI HJIH HOHa nOTepSlTb HJIH, Ha060pOT, npH06pe-

CTH ::meKTPOH MO)[(eT 6blTb Bblpa)[(eHa nOTeHUHaJIOM 3JIeK'rpO.na, a BCSI

OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHaSi peaKUHSI xapaKTepH3yeTcSI pa3HOCTbIO no-

TeHUHaJIOB (Li.E) 3JIeKTP0)l;OB. B HalIIeM CJIyqae Li.E = EAg - ERed. ,LlJISi

06paTHMOH peaKUHH Li.E SlBJISleTCSI MepOH H3MeHeHHSI CB060,l(HOH 3HeprHH

12 3aK. 65



npouecca ti.G: ti.G == -nFti.E, r.LJ.en - qHCJlO 3J1eKTPOHOB, yqacTBYlOl1lHX
B peaKUHH, F - qHCnO <l>apa.LJ.eH.

IlpH ti.E > 0 (ti.G < 0) peaKUHH (82) H.LJ.eTCJleBa HanpaBO, T. e. B CTOpOHy

BOCCTaHOBJIeHHH AgHaI; npH ti.E < 0 (ti.G > 0) - HaJIeBO, T. e. npOHCXO.LJ.HT

OKHCJleHHe (oT6eJlHBaHHe) cepe6pa. PeaKl(HH (82) npOTeKaeT .LJ.O.LJ.OCTH)I(eHHH

paBHoBecHH, T. e . .LJ.Oti.E == 0 (ti.G == 0). O.LJ.HaKO, eCJlH O.LJ.HHH3 KOMnOHeHTOB

HeycTOHqHB, paBHOBeCHe He HacrynaeT. ECJlH, KaK 3TO 06bI'IHO 6bIBaeT

B npOHBHTeJlHX, HeycTOH'IHBa OKHCJleHHM cPopMa npOHBJlHlOl1lero Bel1leCTBa

(B HaweM cJlyqae 6eH30XHHOH), OHa HenpepbIBHO Y.LJ.aJIHeTCH,H peaKUHH (82)

npOTeKaeT HanpaBO, .LJ.a)I(e eCJlH paBHOBeCHe CMel1leHO BJleBO (ti.E < 0),

H npOHBJleHHe HMeeT MeCTO.

AnH cepe6pa nOTeHUHaJI 3J1eKTPO.LJ.a, cooTBeTcTBYlOl1lHH peaKUHH (83),
onpe.LJ.eJlHeTCH ypaBHeHHeM HepHcTa:

° RT [Ag+]
EAg == EAg + Ii" In [AgO] ,

r.LJ.eEO - HOPMaJIbHbIH nOTeHUHaJI cepe6pHHOro 3J1eKTP0.LJ.a (eoAg == 0,799 B

npH t == 25°C). Ilpe.LJ.noJlaraeTcH, 'ITO Bce K03cPcPHUHeHTbI aKTHBHOCTH paB-

HbI 1 H n03TOMY aKTHBHOCTH 3aMeHeHbI KOHueHTPaUHHMH. IlpHHHMaeTcH

TaK)I(e, 'ITO [AgO] == 1. KOHueHTPaUHH HOHa Ag+ B cPOTorpacPH'IeCKOM cJloe

06bI'IHO Onpe.LJ.eJIHeTCH .LJ.pyrHMH paBHOBeCHHMH B pacTBope, npe)l(,lle Bcero

npOH3Be.LJ.eHHeM pacTBopHMOCTH HOHOB Ag+ H Hal-:

Knp == [Ag+][Ha.-].

TaKHM o6pa30M, nOTeHUHaJI Ag MO)l(eT 6bITb Bblpa)l(eH 'Iepe3 KOHueHTPa-

UHIO CBo6o.LJ.HOro raJIOreHH.LJ.-HOHa [HaI-], 'Ial1le Bcero [Br-], KOHueHTPaUHIO

KOToporo H3MepHIOT B o6pa6aTbIBalOl1lHX paCTBopax:

° RT RT_EAg == EAg + -lnKnp - -In [Br ].F F
KaK npaBHJlO, B npouecce npOHBJleHHH EAg OCTaeTCH nOCTOHHHbIM. TaK,

npH KOHueHTPaUHH 6POMHCTOro KaJIHH B npOHBHTeJle I rpaMM Ha JlHTP
EAg == 0,120 B.

IloTeHUHaJI BOCCTaHOBHTeJIH MO)I(HO 3anHcaTb:

° RT [Ox]
Em == EnB + nF In [Red]'

TaK KaK 60JlbWHHCTBO npOHBJlHlOl1lHX Bel1leCTB npe.LJ.CTaBJIHIOT C060H CJla6ble

KHCJlOTbI HJlH OCHOBaHHH, TO KOHueHTPaUHH HX aKTHBHbIX cPOPM .LJ.OJl)l(Ha

3aBHceTb OT pH paCTBopa. Tor.LJ.a B 3aBHCHMOCTH OT 3TOro cPaKTopa BOCCTaHO-

BHTeJlbHbIH nOTeHUHaJI 6Y.LJ.eTBblpa)l(aTbCH ypaBHeHHeM:

° RT [Ox] RT +
EnB == EnB + nF In [Red] + nF In J(H ).

B 3TOM ypaBHeHHH nOCJle.LJ.HHH 'IJleH nOKa3MBaeT BJlHHHHe KOHueHTPaUHH

HOHOB BO.LJ.OpO.LJ.aH 3aBHCHT OT CBOHCTB npOHBHTeJlH, ero KOHCTaHTbI .LJ.HCCO-

UHaUHH H THna peaKl(HH OKHCJleHHH Red.

3J1eKTP0.LJ.HbIH nOTeHUHaJI MH npOHBJlHlOl1lerO Bel1leCTBa rH.LJ.pOXHHOHa

B COOTBeTCTBHH C ypaBHeHHeM peaKUHH (84) MO)l(eT 6bITb 3anHcaH B BH.LJ.e:

° RT [H+j2 . [Ox] ° RT [H+]2[XI

EnB == Em + 2F In [Red) == Erx + 2F In [fX] ,

r.LJ.e[X] H [fX) - KOHueHTPaUHH 6eH30XHHOHa H rH.LJ.pOXHHOHa COOTBeTCTBeH-

HO. KaK y)l(e OTMe'IaJIOCb MH rH.LJ.pOXHHOHa, CYl1leCTBYIOT TPH cPOP~~I B
2

<:C-

CTaHOBHTeJlH Red: C6H4(OHh (H2R), C6H40HO-(HR-) H C6H40 (R ).

PaBHoBecHe Me)l(,lly TPeMH cPopMaMH Red 3a.LJ.aeTCHKOHCTaHTaMH .LJ.HCCOUHa-

UHH K1 H K2, COrJlaCHO ypaBHeHHHM (80) H (81). B 0611l~M BH.LJ.enOTeHUHaJI

rH.LJ.pOXHHOHa 6Y.LJ.eT3aBHceTb OT KOHueHTPaUHH HOHOB H (KHCJlOTHOCTH):

° RT [X) RT [H+j2 + K1[H+) + K1 . K2 ()
Erx == Erx + 2F In [rx) + 2F In K

1
• K

2
• 90

ECJlH 0603Ha'IHTb

° RT [H+j2 + K1[H+) +K1 . K2
En == Erx + - In K K '2F I' 2

RT [X)
Erx == En + 2F In [rx] .

IloJlyqaeMM BeJlH'IHHa npH [rx] == [XI Erx == En npH6J1H3HTeJlbHO paB-

Ha E1/2 - nOJlHporpacPH'IeCKOMY nOTeHUHaJIy nOJIYBOJlHbI BOCCTaHOBJIe-

HHH H xapaKTepH3yeT OKHCJlHTeJIbHO-BOCCTaHOBHTeJlbHYIO cnoco6HOCTb CMe-

CH 6eH30XHHOH-rH.LJ.pOXHHOH npH .LJ.aHHOM pH H TeMnepaTYPe. BeJlHqHHbI

En ~ E1/2 MH Pa3JlH'IHbIX IlB npHBe.LJ.eHbI Ha pHC. 127. AnH rH.LJ.pOXHHOHa

E~ == 0,699 B npH 25°C. IlpH pH == 11 MH CHCTeMbI 6eH30XHHOH-rH-

.LJ.pOXHHOH BeJIHqHHa En ~ E1/2 ~ 90 MB. TaK KaK En MeHbwe, 'IeM EAg

(120 MB, pHC. 127), TO ti.E > 0 H npouecc npOHBJleHHH BO~MO)l(eH. AHa-

JlOrHqHbIM 06pa30M MO)l(HO BbIBeCTH 3aBHCHMOCTb En OT [H I H Em MH

.LJ.pyrHx npoHBJlHlOl1lHX Bel1leCTB, eCJlH H3BeCTHbI peaKUHH .LJ.HCCOUHaUHH IlB

H HX KOHCTaHTbI, a B Tex CJlyqaHx, KOr.LJ.aOKHCJlHTeJlb TaK)l(e .LJ.HCCOUHHpy-

eT H ero KOHCTaHTbI .LJ.HCCOUHaUHH. O.LJ.HaKO B 60JlbWHHCTBe cJlyqaeB 3TH

Be~H'IHHbI HeH3BeCTHbI, n03TOMY HcnoJlb3yeTcH 3KcnepHMeHTaJIbHbIH cno-

co6 onpe.LJ.eJleHHH En. ComaCHO pHC. 127 MH Bcex npOHBJlHlOl1lHX Bel1leCTB

E YMeHbwaeTcH C pOCTOM pH npaKTH'IeCKH JlHHeHHo. XapaKTepHo, 'ITO

~H rH.LJ.pOXHHOHa Ha6J1IO.LJ.aeTCHoTcrynJleHHe OT JlHHeHHOH 3aBHCHMOCTH npH

pH > 10. 3.LJ.eCb)l(e Ha pHC. 127 npHBe.LJ.eHO 3Ha'IeHHe EAg.
Y)I(e OTMe'IaJIOCb, 'ITO 3Ha'IeHHe En xapaKTepH3yeT nOTeHUHaJI npo-

HBJlHlOl1lerO Bel1leCTBa npH [~~J == 1. B peaJIbHbIX YCJlOBHHX H, npe)l(,lle
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PIle. 127. 3aBHCHMOCTb En OT pH .lJ,JUl pa3JIHlJ:HbIX npo$lBJUlIOllJ;HX BellJ;eCTB (no
cI>pH3epy H 6or.naHOBY) [18, c.90). 1 - rH,npOXHHOH; 2 - n-aMHHo$eHOJI; 3 -
n-ct>eHHJIeH.nHaMHH

Bcero B HalJ:arre npmlBJIeHHSI, 3TO OTHoweHHe MeHhwe e,nHHHUhI, a, CJIe,no-

BaTeJIhHO, EnB < En. l103TOMy B meJIOlJ:HOH cpe,ne )];JIll Bcex ynoMliHYThIX

BemeCTB 6.E > 0 (,naxe B paCTBope, co,nepxameM 1 r/JI KBr), a CJIe-

,nOBaTeJIhHO, npouecc npOSlBJIeHHSI B03MoxeH. ,ll,eHcTBHTeJIhHO, MeTOJI Ha-

lJ:HHaeT ,neHcTBoBaTh yxe OT pH = 6, n-aMHHo<}>eHOJI H rJIHUHH (BMecTo

NH2-rpynnhI, NHCH2COOH) OT pH = 8, a n-<}>eHHJIeH,nHaMHH JIHWh npH

pH = 10 [18, c.93].

§5. XHMlf1IeCKHe peaKJ.J;HH
4JoTorpa4Jlf1IeCKOrO npOBBJIeUIDI

ComaCHO ypaBHeHHIO (89) )];JISIEnB, OKHCJIHTeJIhHO-BOCCTaHOBHTeJIhHhIH

nOTeHUHarr npOSlBHTeJISI Bcer,na onpe.lleJlSleTCSI OTHoweHHeM KOHueHTPaUHH

OKHCJIeHHOH H BOCCTaHOBJIeHHOH <}>OPMhI. B npOSlBHTeJIh BBOMT 06hIlJ:HO

TOJIhKO BOCCTaHOBJIeHHyIO <}>OpMy, n03TOMY MO)J(HO 6hillO 6hI O)l(H)];aTh, 'ITO

no Mepe HaKOIIJIeHHSI OKHCJIeHHOH <}>OPMhI fiB B npouecce npOSlBJIeHHSI OTHO-

weHHe [~~I 6y,neT B03pacTaTh, EnB TaIOKe 6y,neT B03pacTaTh, a 6.E npH6JIH-

xaThCSI K HyJIIO. TaKHM 06pa30M, npouecc npOSlBJIeHHSI,nOJIXeH npeKpaTHThcSI.

O,nHaKo, npaKTH'leCKH npHMeHSleMhle npOSlBHTeJIH Ha OCHOBe OpraHHlJ:eCKHX

BemeCTB co,nepxaT B CBoeM COCTaBe CYJIh<}>HT HaTPHSI (Na2S03), KOTOphIH

06JIa,naeT cnoc06HoCThIO, Coe,nHHSlSlCh C OKHCJIeHHOH <}>OPMOH, no.n.uepxH-

BaTh ee KOHueHTPaUHIO Ha nOCTOSlHHOM HH3KOM ypOBHe, a CJIe,nOBaTeJIhHO,

cnoco6cTByeT nOCTOSlHCTBY OKHCJIHTeJIhHO- BOCCTaHOBHTeJIhHoro nOTeHUHarra

npOSlBJISlIOmero BemeCTBa.

PaCCMOTPHM XHMHlJ:eCKHe peaKUHH, npOTeKaIOmHe B npouecce npo-

SlBJIeHHSI, Ha npHMepe rn,npOXHHOHa. OKHCJIeHHe rn,npOXHHOHa rarrOreHH.llOM

cepe6pa ,no XHHOHa (peaKUHSI (82)) npoHcxo,nHT CTYneHlJ:aTO, lJ:epe3 CTa,nHIO

06pa30BaHHlI npOMeXYTOlJ:Horo npo,nyKTa 0,nH03JIeKTPOHHoro OKHCJIeHHSI

ceMHXHHOHa.

O' 0

Q+A&lbl =Q+AgO+HHOI

OH 0
MOJIeKyJIhI ceMHXHHOHa MOfYT ,nHcnponopUHoHHpoBaTh no peaKUHH (94).
B pe3ynhTaTe ,nHcnponopUHOHHpOBaHHSI H3 ,nByx MOneKyn ceMHXHOHa o6pa-

3yeTcSI MoneKyna I'H,IlpOXHHOHa H MOJIeKyJIa 6eH30XHHOHa.

2'0=0+0
OH OH 0

B menOlJ:HOH cpe.lle I'H,IlpOXHHOH cymecTByeT B ,nHCCOuHHpoBaHHoH <}>opMe

B BH,ne aHHOHa HnH ,nHaHHOHa B 3aBHCHMOCTH OT pH, a nOToMy peaKUHH

OKHCJIeHHlI MO)J(HO 3anHcaTh B BH,ne:



XHHOH, 06pa30BaBUIHHCn npH BOCCTaHOBJ1eHHH AgHal, 'peampyeT C CYJIb<jm-

TOM no CJIeAYIOmeMY ypaBHeHHIO:

¢+ N.,SO, +H,O =6-S0
,N. + N.OH (97)

° OH
06pa30BaBIlIHHcn mAPoxHHOHMOHOCYJIb<poHaT TaIOKe nBJ1neTCn npOnBJ1nIO-

mHM BemeCTBOM H peampyeT C AByMn MOJIeKYJIaMH AgHal, aHaJIOm'lHO

rH)J;pOXHHOHy:

OH °
A-S03Na 0S03Na 0y + 2AgHai ~ y + 2Ag + 2HHal

OH °
IIpOAyKT peaKUHH XHHOHMOHOCYJIb<pOHaT MoX<eT B3aHMoAeHCTBOBaTb co BTO-

POH MOJIeKYJIOH CYJIb<pHTa HaTPHn C 06pa30BaHHeM rH)J;pOXHHOHAHCYJIb<pO-

HaTa, KOTOpbIH, nO-BH)J;HMOMy, nBJ1neTCn KOHe'lHbIM npoAyKTOM peaKUHH

npOnBJIeHHn.

AHaJIOm'lHO CyJIb<pHT peampyeT C XHHOHHMHHaMH H XHHOHAHHMHHaMH,

06pa3yIOmHMHcn npH OKHCJIeHHH APyrHx np05IBJInIOmHX BemeCTB. HanpH-

Mep, XHHOHHMHH H3 MeTona B3aHMoAeHcTByeT C Na2S03 no peaKUHH (100)
C 06pa30BaHHeM MeTOJIMOHocyJIb<poHaTa.

IIpOAYKT peaKUHH nBJ1ReTC~ 60JIee aKTHBHbIM npORBJInIOmHM BemeCTBOM,

'1eM mAPoxHHOHMOHOCYJIb<p0HaT [18, c. 1151. TaKHM 06pa30M, 6JIarOAa-

p~ cnoc06HocTH CYJIb<pHTa HaTPH~ peampOBaTb C npoAyKTaMH OKHCJIeHHn

npO~BJ1}lIOmHX BemeCTB OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIH nOTeHUHaJI no-

CJIeAHHX coxpaH}leT nOCTO~HHYIO BeJIH'IHHY, '1TO 06eCne'lHBaeT cTa6HJIbHOCTb

npouecca np0}lBJ1eHH}l.

CYJIb<pHT HaTPH}l BbInOJIH}leT H APYryIO BaX<HyIO <PYHKUHIO - YBeJIH'IHBaeT

cTa6HJIbHOCTb np0}lBJ1~IOmerO pacTBopa BO BpeMeHH. OKHCJIeHHe npo~BJ1n-

IOmHX BemeCTB, oc06eHHo B meJIO'lHbIX pacTBopax, B03MOX<HO He TOJIbKO

B peaKUHH C AgHal, HO H KHCJIOpOAOM B03Ayxa. HanpHMep, B meJIO'lHOH

cpeAe OKHCJIeHHe mAPOXHHOHa KHCJIOpOAOM BeAeT K 06pa30BaHHIO BemeCTB

06meH <POPMYJIbI (C6H403)X, H3BeCTHbIX KaK ryMHHoBbIe KHCJIOTbI. CYJIb<PHT

TOpM03HT 3TOT npouecc. CaM CyJIb<pHT pearHpyeT C O2 C BbICOKOH CKOPO-

CTbIO. XapaKTepHO, '1TO 06e peaKUHH OKHCJIeHH}l H rHApOXHHOHa, H HOHa

SO~- KHCJIOPOAOM, }lBJ1}lIOTC}l aBTOKaTaJIHTH'IeCKHMH, T. e. YCKOp}lIOmHMHC~

BO BpeMeHH. B CJIyqae fH)J;pOXHHOHa 3TO 06yCJI0BJ1eHO HaKonneHHeM nepeKHCH

BOAopOAa no peaKUHH (101), KOTOpa}l OKHCJI~eT rH)J;pOXHHOH:

A ow~y +02 --- Y +H202

OH °
OKHCJIeHHe SO~- HOHa KHCJIOpOAOM TaIOKe }lBJ1}leTC}l aBTOKaTaJIHTH'IeCKHM

PMHKaJIbHbIM npoueCCOM. IIOCKOJIbKY rHAPOXHHOH CHJIbHO 3aMe)J;JlneT aBTO-

OKHCJIeHHe CYJIb<pHTa, ,neHcTBy}l KaK IfHm6HTOp pOCTa uenH, a HOH SO~-

3aMe)J;JlneT aBTOOKHCJIeHHe rH.D:POXHHOHa, npeAOTBpama}l HaKOnJIeHHe XHHOHa

H peampy~ C H202, 06a 3TH BemeCTBa B KOMn03HUHH nBJ1nIOTC}l 63aUM03a-

U(uU(alOU(UMU.

OCHOBHbIMH KOMnOHeHTaMH npOnBJ1nIOmHX paCTBopOB }lBJ1}lIOTcn: ca-

MO npO}lBJ1}lIOmee BemeCTBO (HJIH CMeCb npO}lBJ1}lIOmHX BemeCTB), meJIO%

(NaOH, COAa HJlH nOTaUI), CYJIb<PHT HaTPH~ H, HaKOHeu, KBr, HCnOJIb3yeMbIH

B Ka'leCTBe npOTHBOBYaJIHpYIOmero cpeACTBa.

§ 6. KHueTHKa H MexaHH3M
4JoTorpa4JHQeCKOrO npOHBJleHHH

TepMOAHHaMH'IeCKOe 3JIeKTPOXHMH'IeCKOe paCCMOTpeHHe npouecca npo-

~BJ1eHH~, npHBeAeHHoe B npeAbIAymeM pa3AeJIe, 06b}lCHneT npHHUHnHaJIb-

HyIO B03MOX<HOCTb BOCCTaHOBJ1eHH}l AgHal AO Ago. OAHaKO OHO He AaeT

OTBeTa Ha rnaBHbIH )J;Jl}l <pOTorpa<pHH Bonpoc, nO'ieMy npeHMymecTBeHHO BOC-

CTaHaBJ1HBaIOTC}l 3aCBe'leHHbIe MHKpOKPHCTaJIJIbl AgHal? <l>OTOrpa<pH'IeCKOe

npO~BJ1eHHe KaK CeJIeKTHBHoe yCHJIeHHe ueHTpOB CKpbITOro <pOTorpa<pH'Ie-

CKoro H306paX<eHHn B03MOX<HO JIHUIb nOToMy, '1TO CKOpOCTb BOCCTaHOBJ1e-

HH~ 3KcnOHHpOBaHHbIX MHKpOKPHCTaJIJIOB AgHal cymecTBeHHO 60JIbUIe, '1eM



He3KcnOHHpOBaHHbIX. OTBeT Ha nOCTaBJIeHHbIH BOnpOC MO)((eT ,1I;aTb JIHWb

KHHeTH'IeCKaR TeOpHH npmIBJIeHHH.

3JIeKTPOHHO-MHKpOCKOnHqeCKHe HCCJIe,1l;OBaHHH npOlleCcoB npOHBJIeHHH

nOKa3aJIH, qTO npOHBJIeHHe HaqHHaeTCH B OT,1I;eJIbHbIX TOqKax MHKpOKpHCTaJI-

JIOB, nO-BH,1I;HMOMY, COBna)J;aIOWHX C nOJIO)((eHHeM lleHTPOB CKpbITOrO H306pa-

)((eHHH (IJ;CM) [1, c. 379; 95). 3TH MeCTa Ha3bIBaIOTCH u,eHmpaMU npOR6AeHUJI.

IJ;eHTPbI npOHBJIeHHH He 06H3aTeJIbHO MOryT COBna)J;aTb C IJ;Cl1. B TOM CJIY-

qae, KOr,1l;a lleHTPbI npOHBJIeHHH He eCTb CYTb lleHTpbI CKPbITOrO H306pa)((eHHH,

OHH Ha3blBaIOTCH u,eHmpaMU 6YaJIU. O,1l;HaKO lleHTPbI CKpbITOro H306pa)((eHHH,

KaK npaBHJIO, HBJIHIOTCH lleHTPaMH npOHBJIeHHH. Ha HaqaJIbHOH CTa)J;HH npo-

SlBJIeHHSI H3 lleHTPOB npOSlBJIeHHSI BbmeJIHIOTCSI cepe6pSlHble HHTH, paCTYIllHe

3a CqeT raJIOreHH)J;a cepe6pa. 3TO nOKa3aHO Ha pHC. 128. CJIe,1l;OBaTeJIbHO,

cepe6pSlHbIe lleHTPbI CM KaTaJIH3HPYIOT BOCCTaHOBJIeHHe HOHOB Ag+. B JIH-

TepaTYPe paCCMaTPHBaeTCSI KaK XHMHqeCKOe npOSlBJIeHHe 3a CqeT HOHOB Ag+

peweTKH AgHal, TaK H «pH3HqecKoe npOSlBJIeHHe KaK pe3YJIbTaT paCTBopeHHH

AgHal B npoHBJISlIOIlleM pacTBope H nOCJIe,1l;YIQIllero BOCCTaHOBJIeHHSI 3THX HO-

HOB Ha KaTaJIHTHqeCKOM lleHTPe CM [1, c. 379). O,1l;HaKO BKJIa)J; XHMHQeCKOrO

npOSlBJIeHHH SlBJIHeTCH, nO-BH,1I;HMOMY, OCHOBHbIM.

O,1l;HHM H3 MeTO,1l;OB H3yqeHHSI MexaHH3Ma npOHBJIeHHH HBJIHeTCH HCCJIe-

,1I;OBaHHe KHHeTHKH npOllecca. KHHeTHKa npOSlBJIeHHSI peaJIbHbIX <pOTOCJIoeB

onpe,1l;eJIHeTCSI HeCKOJIbKHMH <paKTopaMH, OCHOBHbIMH H3 KOTOpbIX HBJISleTCSI

,1I;H«P<PY3HSIB CJIoe KOMnOHeHTOB npOSlBJISlIOIllero paCTBopa (,1I;H<P<PY3HOHHaSI

COCTaBJISlIOIllaSl KHHeTHKH) H CKOpOCTb caMoro npOllecca BOCCTaHOBJIeHHH

(XHMHQeCKaR COCTaBJIHIOIllaSl KHHeTHKH). OTCIO,1I;a SlCHO, qTO peaKllHSI npo-

SlBJIeHHSI BCer,1l;a npOTeKaeT no CMewaHHOH ,1I;H<P<PY3HOHHO-XHMHqeCKOH KH-

HeTHKe. ECTeCTBeHHO, qTO BJIHSlHHe ,1I;H<P<PY3HOHHbIX npOlleCCOB MO)((eT 6bITb

BeCbMa pa3JIHqHbIM H onpe,1l;eJIHeTCSI KaK CTPOeHHeM 3MYJIbCHOHHOro CJIOSl,

TaK H pe:llOlMOM 06pa60TKH.

PaCCMOTPHM JIHWb caMY reTeporeHHYIO peaKllHIO BOCCTaHOBJIeHHSI, npo-

TeKaIOIllYIO Ha rpaHHlle Me)(()J;Y lleHTPaMH npOSlBJIeHHSI H npOSlBJISlIOIllHM pac-

TBOpOM. CeHQaC npHHSlTbI ,1I;BaOCHOBHbIX MexaHH3Ma KaTaJIH3a npOHBJIeHHSI:

cornaCHO O,1l;HOMY H3 HHX, npOSlBJIeHHe eCTb 3JIeKTPOXHMHQeCKaSl peaKllHH,

npH 3TOM cepe6pHHbIe 3ap0,1l;bIWH CJI~aT 3JIeKTP0,1l;aMH, 06JIerqaIOIllHMH

npOTeKaHHe peaKllHH; ,1I;PyroH MexaHH3M npe,1l;nOJIaraeT 06pa30BaHHe aKTH-

BHpOBaHHOro KOMnJIeKCa H3 a)J;COp6HpOBaHHOrO npOHBJIHIOIllerO BeIlleCTBa,

HOHa Ag+ H KaTaJIH3aTOpa. nepBbIH Ha3bIBaeTCH 3AeKmpOXUMUlfeCKUM Mexa-

HH3MOM, BTOPOH - ai)cop6u,UoHHO-KamaJIUmUlfeCKUM MexaHH3MOM [1, c.382).

PaCCMOTPHM nepBOHaqaJIbHO 3JIeKTPOXHMHQeCKHH MexaHH3M, KOTOpbIH

6bill npe)J;JIO)((eH paHbwe. 3JIeKTPOXHMHH npOlleCCOB npOHBJIeHHSI 06cy)(()J;a-

JIaCb B npe,1l;bmYIlleM pa3,11;eJIe. HaJIHQHe cepe6pHHoro 3ap0,1l;bIWa - lleHTPa

CKPbITOro H306pa)((eHHSI - HCKJIIOqaeT 3aTPaTY 3HeprHH, He06xo,1l;HMYIO )J;JIH

06pa3oBaHHSI 3ap0,1l;bIWa, H nepe,1l;aQa 3JIeKTpoHOB OT Red K AgHal npOHCXO-

,1I;HTJIHWb npH He60JIbWOM nepeHanpIDKeHHH. TaKHM 06pa30M, npOHBJISlIOIllee

BeIlleCTBO nepeHOCHT 3JIeKTPOHbI Ha cepe6pSlHYIO qaCTHllY - IJ;CM, 3apj{)((aSJ:

ee OTPHllaTeJIbHO. K 06pa3oBaBweMycH KaTO,1I;YnpHTHrHBaIOTCH HOHbI cepe6-

pa H3 KPHCTaJIJIa AgHal H npoHCXO,1l;HT HX BOCCTaHOBJIeHHe ,11;0Ago. npH

!:::J.E > 0 npOllecc H)J;eT HenpepbIBHO C 06pa30BaHHeM Y O,1l;HOH QaCTH cepe-

6pHHOH QaCTHllbI - aHO,1l;a, OKHCJIeHHOH <pOPMbI npOHBJISlIOlllero BeIlleCTBa,

a Y ,1I;PyroH - co CTOPOHbI KaTO,1l;a, cepe6pa. OCB060)(()J;aIOIllHecH H3 peweTKH

AgBr 6POMH)J;-HOHbI YX0)J;j{T B paCTBOp (pHC. 129, a). TaKHM o6pa30M, H3Iq>H-

CTaJIJIa AgBr B MeCTe HaxO)(()J;eHHSI IJ;CM BbIpaCTaeT cepe6pHHaSI HHTb, qTO

YCJIOBHO nOKa3aHO Ha pHC. 129, a [1, c. 395). no Mepe pOCTa cepe6p!lHOH HHTH

B03MO)((HO yqacTHe <pH3HQeCKoro npOHBJIeHHH (pHC. 129, 6).

Red e
Ox-

PHc.129. CxeMa pOCTa cepe6pHHoil: HHn!: a - rrepeHOC HOHOB cepe6pa '1epe3 KpHCTa.rLTl
H BbITaJIKHBaHHe HHTH; 6 - pacTBopeHHe AgBr C rrOCJIe.!ly!olUHM BOCCTaHOBJIeHHeM
HOHOB Ag+ B6JIH3H paCTYlUeil: HUTH (BKJIa.D.<pH3H'IeCKoro rrpOHBJIeHHH) [1, c.395].

CornaCHo 3JIeKTPoXHMHQeCKoMY MexaHH3MY, ,1I;BH)J{}'IlleH CHJIOH peaKllHH

SlBJIHeTCH pa3HOCTb 3JIeKTP0,1l;HbIX nOTeHllHaJIOB !:::J.E = EAg - Ena· B pa3,11;eJIe

CneKTPaJIbHOH CeHCH6HJIH3allHH ~e paCCMaTPHBaJIaCb cOBpeMeHHaSl TeopHSI

KHHeTHKH nepeHoCa 3JIeKTPoHoB B nOmlpHblx cpe,1l;ax - TeOpHH MapKYca [92).

no 3TOH TeopHH KOHCTaHTa CKOPOCTH 3JIeKTPOHHoro nepeHoca 3KcnOHeH-

llHaJIbHO 3aBHCHT OT !:::J.EOB BH)J;e:

(
anF!:::J.EO)

ke = A . exp - RT '



r.ne !:i.Eo pa3HOCTb HOPMaJIbHblX OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHbIX rro-

TeHUHaJIOB CHCTeM, ytlaCTBYIOllUiX B peaKUHH. ECmi 3Ta TeOpHR npHJIO)l(HMa

K rrpoueccy rrpORBJIeHHR, npOTeKaIOmeMy no 3JIeKTpOXHMH"IecKoMy Mexa-

HH3MY, TO CKOpOCTb npORBJIeHHR V .nOJI)l(Ha 3KcrrOHeHUHaJIbHO 3aBHceTb

OT !:i.E = EAg - EnD:

V", exp (mR~)' (103)

llOnblTKH COnOCTaBJIeHHR CKOpOCTH peaKUHH npORBJIeHHR C BeJIH"IHHOH !:i.E
rrpe.nnpHHHMaJIHCb Heo.nHOKPaTHO [18, c. 92; 1, c. 407]. CJIe.nyeT OTMeTHTb, "ITO

KHHeTHKa npORBJIeHHR cymecTBeHHO 3aBHCHT KPOMe Bcero np0"lero OT TH-

na rrpORBJIRIOmerO BemeCTBa, o.nHaKO .LJ;JIRO.nHOro H TOro )l(e rrpORBHTeJIR,

.neHcTBHTeJIbHO, Ha6JIIO.naJIaCb onpe.neJIeHHaR 3aBHCHMOCTb V OT !:i.E. B $0-

rorpa$H"IeCKHX 3KcnepHMeHTax CKOpOCTb npoRBJIeHHR xapaKTepH3yIOT H3Me-

HeHHeM OnTH"IeCKOH nJIOTHOCTH (!:i.D) npORBJIeHHoro H306p~eHHR, KOTOPoe

nponopUHOHaJIbHO Macce 06pa30BaBmerocR cepe6pa. TaK KaK !:i.E 3aBHCHT

OT pH paCTBopa npORBHTeJIR, TO CJIe.nOBaJIO O)I(H.naTb yBeJIH"IeHHR CKOpOCTH

npORBJIeHHR C nOBblmeHHeM pH pacTBOpa. TaKaR 3aBHCHMOCTb .neHcTBHTeJIb-

HO Ha6JIIO.naeTCR. Ha pHC. 130 npHBe.neHbI pe3YJIbTaTbI H3 pa60TbI PeHH.LJ;epCa

H EOHKepca [98] no KHHeTHKe npOSlBJIeHHSl CJIoeB B n-aMHHo<PeHOJIOBOM

npOSlBHTeJIe npH pa3JIH"IHbIX 3Ha"leHHSlX pH. 113 pHc.130, 6 CJIe.nyeT, "ITO

C pOCTOM pH npOSlBJIeHHe yCKopSleTCR. YCKopeHHe npOSlBJIeHHR C pOCTOM pH

Ha6JIIO.naeTcSl H .LJ;JIRMeTOJIOBOrO npOSlBHTeJIR (pHC. 130, 6).
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PRc.130. 3aBHcHMoCTb rrJIOTHOCTHrrOqepHeHIDI OT BpeMeHH rrpOllBJIeHHll (0) H OT pH
(6): a) n-aMHHOIPeHOJIOBbIH: rrpOllBHTeJIb rrpH pH = 11,82 (1), 9,67 (2) H 8,73 (3); 6)
n-aMHHoepeHOJIOBbIH rrpOllBHTeJIb (1) H MeTOJIOBbIH:rrpOllBHTeJIb (2) (rro PeH:H.!Iepcy H
DoAKepcy) [18, c. 93) .

BeJIH"IHHa !:i.E, KpoMe TOro, 3aBHCHT OT KOHueHTPaUHH npORBJIRIOmerO

BemeCTBa B pacTBope. llOKa3aHO, "ITO C pOCTOM KOHueHTPaUHH npORBJISlIOmHX

BemeCTB B onpe.neJIeHHOM HHTepBaJIe KOHueHTPaUHH, CKOpOCTb npOSlBJIeHHR

TaK)l(e paCTeT [18, c.97].

CJIe.nyeT OTMeTHTb, "ITO HeCMOTPSl Ha onpe.neJIeHHyIO B3aHMOCBR3b Me)l(-

.ny CKOpOCTbIO npORBJIeHHR H BeJIH"IHHOi1: !:i.E, KHHeTHKa npORBJIeHHR, KaK

rrpaBHJIO, He OnHCblBaeTCR npOCTblM COOTHomeHHeM Me)l(.LJ;y 3THMH BeJIH"IH-

HaMH. HanpHMep, B paMKax 3JIeKTpOXHMH"IeCKOrO MexaHH3Ma He O"leBH.nHO

npOHCXO)l(.LJ;eHHe HH.nyKUHoHHoro nepHo.na, B Te"leHHe KOTOpOro npOSlBJIeHHe

H.neT C MaJIOH CKOpOCTbIO, a TaK)l(e He O"leBH.nHa 3aBHCHMOCTb CKOpOCTH

OT CTPoeHHSl npOSlBJISlIOmero BemeCTBa.
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PearnpYlOlUHe BelUeCTBa .
B paCTBope a.LICOp6HpoBaHHbIe

TIPO.lIYKTbI
peaKllHH

PHc.131. CXeMaTH"IeCKOe rrpe.llCTaBJIeHHe 3HepI1iH: aKTHBallHH roMoreHHoro H reTe-
poreHHoro BOCCTaHOBJIeHHll HOHOB Ag+ [1, c.384]

ComaCHO a.n:COp6UHOHHO- KaTaJIHTH"IecKoMy MexaHH3MY npORBJIeHHe pac-

CMaTPHBaeTCR KaK npHMep a.n:COp6UHOHHOro KaTaJIH3a (1, c.383]. llpORBJIR-

IOmee BemeCTBO a.n:Cop6HpyeTcR Ha rrOBepXHOCTH Ag/ AgHal C 06pa3oBaHHeM

aKTHBHpoBaHHoro KOMnJIeKca. 06pa30BaHHe aKTHBHpOBaHHoro KOMnJIeKCa

BbICB060)l(.LJ;aeT 3HeprnIO H OCJIa6JIReT XHMH"IeCKHe CBSl3H, T. e. CHH)l(aeT 3Hep-

rHIO aKTHBaUHH peaKUHH npORBJIeHHSI no cpaBHeHHIO C roMoreHHoi1: cpe.noi1:.

CXeMaTH"IeCKH 3TO nOKa3aHO Ha pHC. 131. EJIaro.napSl YMeHbmeHHIO 3HeprHH

aKTHBaUHH reTeporeHHoH peaKUHH Ere-r B pe3YJIbTaTe 06pa30BaHHSl a.n:cop6-

UHOHHOro KOMnJIeKCa no cpaBHeHHIO C 3HeprneH aKTHBaUHH roMoreHHoii pe-

aKUHH Ha6JIIO.naeTCR yCKopeHHe npouecca rrpORBJIeHHR Ha U;CI1. 113MeHeHHe

nOTeHUHaJIbHOH 3HeprnH npH nepexo.ne OT HCXO.nHbIX BemeCTB "Iepe3 06pa30-

BaHHe aKTHBHpoBaHHoro KOMnJIeKCa B paCTBOpe K KOHe"lHbIM rrpo.nyKTaM -

cepe6py H OKHCJIeHHoi1: $opMe llB - nOKa3aHO CnJIOmHOH KPHBOi1:. PeareH-

TbI .LJ;JIRHaqaJIa peaKUHH .nOJI)I(HbI nOJIytlHTb 3HepmIO, paBHyIO MaKcHMyMy

Ha KPHBOi1:, T. e. CHCTeMa .nOJI)I(Ha npeO.llOJIeTb 3HepreTH"IecKHi1: 6apbep. Pa3-

HHua 3Heprnii Me)l(.LJ;yHa"laJIbHbIM COCTORHHeM H MaKcHMyMOM paBHa 3HeprnH

aKTHBaUHH Ero •• roMoreHHoi1: peaKUHH. B npHcyrcTBHH KaTaJIH3aTOpa O.nHH

H3 peareHTOB a.n:Cop6HpyeTcSl .no peaKUHH, qTO COnpOBO)I(.LJ;aeTCR HeKOTopbIM



Jil3MeHeHJileM (A) OCHOBHOro COCTORHJilR. H3MeHeHJile nOTeHUJilaJIhHOH 3Hep-
fJilJiI B xo.n.e peaKlJ,JiIJiI nOKa3aHO nyHKTJilpoM. BeJIJiI'IJilHa 3HeprJilJil aKTJilBaUJiIJiI
B 3TOM CJIyqae EreT < EroM 3a CqeT 3HepfJilJil a.n.COp6UJilJf E3JJ.c [1, c. 384].

CJIe.n.yeT OTMeTHTh, qTO B paMKaX a.n.COp6UHOHHOH TeOpHJiI C 06pa30Ba-
HJileM aKTHBJilpOBaHHoro KOMnJIeKCa TO)J(e MO)J(HO06'hRCHHTh CBR3h CKOpOCTH
npORBJIeHJilR C 6.E, eCJIH cB060.n.HM 3HepfJilR 06pa30BaHJilR KOMnJIeKCa RBJIR-
eTCR MOHOTOHHOH cPyHKUHeH Jil3MeHeHHR cB060.n.HOH 3HepfJilJil peaKUJiIJiI 6.G,
a, CJIe.n.OBaTeJIhHO, H 6.E. A.!lcop6UHoHHaR TeopHR 06'hRCHReT cneUHcPHq-
HOCTh .n.eHCTBJilRpa3JlJilqHhIX npORBJIRlOlllHX BellleCTB (npJil O.n.HOMJiI TOM )J(e
3HaqeHHH 6.E) pa3JlHqHOH HX a.n.Cop6HpyeMocThlO Ha KaTaJIH3aTope. KaK 6y-
.n.eT paCCMOTpeHO .n.aJIhllIe, B paMKaX a.n.COp6UHOHHO-KaTaJIJilTJilqeCKOH TeopHH
HaxO.n.HT 06'hRCHeHJile cynepa.n..n.HTHBHOCTh npORBJIeHJilR npJil JilCnOJIh30BaHHH
.n.Byx npORBJIRlOlllHX BellleCTB o.n.HOBpeMeHHO.

B npouecce Pa3BHTHR a.n.COp6UHOHHM TeopHR npeTepneBaJIa HeKOTophIe
H3MeHeHHR. TaK, nepBOHaqaJIhHO llIennap.n. H MeHep npe.n.nOJIaranH, qTO
HOHhI HJlJil MOJIeKYJIhI npORBJIRlOlllero BellleCTBa a.n.COp6HPYlOTCR Ha AgBr.
A. H. Pa6HHOBJilq C COTPy.n.HHKaMJiICqHTaJIH, qTO a.n.COp6UHR npORBJIRlOlllero
BellleCTBa JiI.n.eT TOJIhKO Ha cepe6pe. ,nxeHMC yxe .n.onycKaeT a.n.COp6UHIO
JiI Ha AgHal, JiI Ha AgO, XOTR .lI.JlRnpouecca npORBJIeHHR, no ero MHeHHIO,
BaxHee Bce )J(e a.n.COp6UH$I Ha cepe6pe [18, c. 175].

§7. KOImeunaa 3apB,ZJ;OBOrO
6apbepa upn UpOBBJIeHHH

H3BeCTHO, qTO .LJ.JIRpR.LJ.anpORBJIRlOlllHX BellleCTB Ha6JIIO.n.aeTCR HH.LJ.YK-
UJilOHHhIH nepHO.n. npORBJIeHHR, B TeqeHHe KOTOPOro YBeJIJilqeHJile nnOTHOCTH
npORBJIeHHoro H306paxeHHRJIH60 OTCYTCTByeT, JIH60 MaJIO (pHC. 132). HH-
.LJ.YKlJ,HOHHhIHnepHO.n. yaeJIHqHBaeTCR C pOCTOM KOHueHTPaUHJiI KBr B npo-
RBJilTeJIe.

):{JIR 06'hRCHeHHR B3aHMOCBR3Ji1 HH.LJ.YKUHOHHoro nepHo.n.a co CTPYKTY-
pOH npORBJIRlOlllero BellleCTBa ,nxeHMc npe.ll.JlO)J(HJI KOHuenUJilIO 3apR.LJ.0Boro
6aphepa [1, c.390]. H3yqM 3TO RBJIeHJile, ,nxeHMc yCTaHOBJilJI, qTO HH.LJ.YK-
UJilOHHhIH nepJilo.n. H caM XO.n.npouecca npORBJIeHJilR B HaqaJIhHhIH nepJilo.n.,
CBR3aHhI C 3aPR.LJ.OMnpORBJI$llOllleH qaCTHUhI, npH 3TOM qeM 60JIhllIe 0TPJiI-
uaTeJIhHhIH 3apR.LJ.BOCCTaHOBHTeJIR, TeM 60JIhllIe JiI JilH.LJ.YKUJilOHHhIHnepJilo.n..
3TO HJlJlIOCTPJilpyeTC$I pHc.132 [1, c.390]. KpHBhIe pJilc.132 nOKa3hIBaIOT,
qTO eCJIJiI aKTJilBHOH qaCTHueH RBJI$leTC$I HeHTPaJIhHM MOJIeKYJIa (HYJIeBOH
3apR.LJ., npOJil3Bo.n.Hoe n-cPeHHJIeH.LJ.HaMHHa) peaKlJ,HR JiI.n.eT6e3 JilH.LJ.YKlJ,HOH-
HOro nepJilo.n.a. ECJIH )J(e aKTJilBHOH qaCTHueif RBJIReTCR 0TPJiluaTeJIhHhIif HOH
(-1, n-aMJilH0cPeHOJI; -2, rH.LJ.pOXJilHOH;-3, HaTPHeBM COJIh rH.n.pOXJilHOHMO-
HOCYJIhcPOKHCJIOThI), TO no Mepe YBeJIHqeHHR 3apR.LJ.a HOHa YBeJIHqHBaeTCR
HH.n.YKUHOHHhIH nepHO.n., a peaKlJ,HR npH06peTaeT xapaKTep aBTOKaTaJIHTH-
qeCKoH. ECJIH paCCMaTPHBaTh KPHBhIe HapaCTaHHlI nJIOTHOCTJiIco BpeMeHeM

PRe. 132. 3aBHcHMocTb HH,llyKUHOHHOro nepHO.ll8 OT 3apJUla npOJIBJIRIOIUero BeIUeCTBa

[I, c. 390)

npOllBJIeHHlI B HaqaJIhHhIH nepHo.n. npouecca, TO cPopMa KPHBhIX OKa3hIBaeTCR
o.n.HHaKOBoH .lI.JlRnpORBJIRlOlllHX BellleCTB C o.n.HHaKOBhIM 3apR.LJ.OM.

BJIHRHHe 3apR.LJ.a,nxeHMC 06'hRCHHJl 3JIeKTPOCTaTHqeCKHM OTTaJIKHBaHH-
eM 0TPHuaTeJIhHhIX HOHOB npOllBJIRlOlllHX BellleCTB 0TPHuaTeJIhHO 3apR)J(eHHOH
nOBepXHOCThlO MHKPOKPHCTaJIJIa AgHal. ,[leHcTBHTeJIhHO, B npOllBJIRlOllleM
paCTBope, B oc06eHHOCTH B llleJIOqHOM, 6POMHCToe cepe6po Bcer.n.a HMeeT
OTpHuaTeJIhHhIif .n.3eTa-nOTeHUHaJI [18, c.I77]. 0TPHuaTeJIhHhIH 3aPR.LJ.B03pa-
CTaeT, eCJIH B pacTBope npOllBHTeJl1l HaxO.n.HTCRKBT. ,[lBOHHOif 3JIeKTPHqeCKHif
CJIoif Ha nOBepXHocTH MHKPoKPHCTaJIJIa AgHal .n.OJl)J(eH npenllTCTBOBaTh no.n.-
Xo.n.y K Heif npORBJIRlOlllHX BellleCTB C OTpHuaTeJIhHhIM 3apR.LJ.OM. ECJIH )ICe
aKTHBHOH qaCTHueif lIBJIlIeTClI HeHTPaJIhHM MOJIeKYJIa, 3TO BJIHRHHe .n.0Jl)J(H0
HCqe3HYTh. XapaKTepHO, qTO npH a.n.COp6UHH Ha MHKPOKPHCTaJIJIax AgHal 00-
JIO)J(HTeJIhHhIX HOHOB (qeTBePTHqHhIe aMMOHHeBhIe COJIH, 6HC-qeTBepTHqHhIe

COJIH, Tl+, Pb2+) HH.n.YKlJ,HOHHhIHnepHo.n. YMeHhllIaeTCR HJlH HCqe3aeT npH

npOllBJIeHHH 0TPHuareJIhHO 3apll)J(eHHhIMH llB [1, c. 391].
B xo.n.e npORBJIeHHR JIOKaJIhHhIH nOBepXHOCTHhIif 3apR.LJ.y ueHTPa npo-

lIBJIeHHlI yMeHhllIaeTClI, qTO nOBhIllIaeT 3cPcPeKTHBHYlO KOHueHTPaUHIO npo-
lIBJIRlOlllero BellleCTBa y MeCTa peaKUHH H YBeJIHqHBaeT CKOPOCTh npOllBJIeHHR.
3TO YBeJIHqeHHe CKOpOCTH TeM CHJlhHee, qeM 60JIhllIe 3apR.LJ.llB. COrJIaCHO
,nxeHMcy [1, c. 391] 3cP<l>eKT 3apR.LJ.OBoro 6aphepa CKopee Bcero He HOCHT
xapaKTep .n.aJIhHo.n.eHCTBHlI, T. e. He onpe.n.eJIlIeTCR 3apR.LJ.OMBcero MHKpOKpH-
CTaJIJIa AgHal, a lIBJIlIeTClI 6JIH)J(He.n.eHCTBYlOlllHM, T. e. 3aBHClIlllHM OT 3apR,lla
JIHIUh ueHTPa npOllBJIeHHlI. HMeHHO 3apR.LJ.Ha ueHTPe npOllBJIeHHlI C03,llaeT
MeCTHhIe npenllTCTBHlI .lI.Jlll nO,llXo.n.a H a.n.COp6UHH npORBJIlIlOlllero BellleCTBa.
H3MeHeHHe 3apR.LJ.OBOHcHryaUHH Ha ueHTPe npORBJIeHHlI npH a.n.COp6UJilH ,llO-
nOJIHHTeJIhHO BBO.n.HMhIXBellleCTB MO)J(eT KaK yCKOpHTh npouecc npOllBJIeHHlI,
TaK H, Ha060pOT, 3aMe.ll.JlHTh ero. llO-BH.LJ.HMOMY,no nOCJIe.n.HeMy MexaHH3MY
.n.eifcTBylOT HeKOTophIe aHTHBYaJIHpYlOlllHe BellleCTBa. 3TOT Bonpoc CneUHaJIh-
HO paCCMaTPHBaeTClI .n.aJIhllIe.



113BecTHO, 'ITO npHMeHeHHe .n;Byx npOSIBJHIIOmHX BemeCTB Mo:lKeT CO-

npOBO)l{)J;aThCR yCKopeHHeM npORBJIeHHR, npH 3TOM 06maR CKOpOCTh npo-

uecca npeBhIluaeT CyMMy CKopocTe"A C npHMeHeHHeM HH.n;HBH.n;YaJIhHhIX npo-

RBJIRlOmHX BemeCTB [1, c.431]. 3T0 cynepa.n;.nHTHBHoe HJIH CHHeprn'leCKOe

.n;e"ACTBHe MO)((eT 6hITh .n;OCTaTO'IHO 60JIhIIIHM. Cynepa.n;.nHTHBHOCTb HCnOJIb-

3yeTcR B npaKTH'IeCKH npHMeHReMhlx MeTOJI-rH.D;pOxHHOHOBhIX H <peHH.D;OH-

rH.n;poXHHOHOBhIX npORBHTeJIRx. <l>eHH.n;oH npHMeHReTcR C npoH3Bo.n;HbIMH

n-<peHHJIeH.n;HaMHHa B UBeTHOM npORBJIeHHH.

B HaCTORmee BpeMR cynepa.n;.nHTHBHOCTh 06'hRCHRIOT pezeHepau,uoHHblM

MexaHH3MoM [1, c. 431]. ComacHo 3TOMY MexaHH3MY nepBoe npORBJIRlOmee

BemeCTBO (MeTOJI HJIH <peHH.D;OH) 6hIc-rpee OT.n;aeT 3JIeKTPOH ueHTPY npo-

RBJIeHHR, 'IeM BTOpoe. 3T0 MO)((eT onpe.n;eJIRThCR JIH60 MeHhIIIHM 3apMoBhIM

6aphepoM, JIH60 JIyqIIIe"A a.n;Cop6HpyeMocThlO H 60JIee 6hICTPO"A KHHeTHKo"A

OKHCJIeHHR Ha ueHTPe npoRBJIeHHR. 06pa3YlOmaRCR OKHCJIeHHaR <popMa nep-

BOro nB BOCCTaHaBJIHBaeTCR BTOpblM npoRBJIRlOmHM BemeCTBOM C pereHepa-

UHe"A nepBOro. TaKHM 06pa3oM, nepBoe nB CJIyxHT KaK 6hI npOMexyro'lHhIM

nepeHOC'lHKOM 3JIeKTPQHOB OT BTOPOro Ha ueHTP npORBJIeHHR. B pe3YJIhTare

3TOro B npouecce npoRBJIeHHR pacxo.n;yeTcR BTOpoe nB, a KOHueHTPaUHR

nepBOro npORBJIRlOmero BemeCTBa H3MeHReTCR MaJIO.

B paMKaX a.D;COp6UHoHHoro MexaHH3Ma npORBJIeHHR nepBoe nB a.n;COp6H-

pyeTCR Ha ueH-rpe npORBJIeHHR. B 06pa3YlOmeMcR aKTHBHpOBaHHOM KOMnJIeK-

ce npOHcxo.n;HT nepeHOC 3JIeKTPOHa OT npORBJIRlOmero BemeCTBa Ha KaTaJIH-

TH'IecKH"A ueHTP. OKHCJIeHHaR <popMa nB 06pa3YeT KOMnJIeKC C nepeHOCOM

3aPMa co BTOPhIM npORBJIRIOIIIHM BemeCTBOM, B KOTOPOM npOHcxo.n;HT nepe-

HOC 3JIeKTPOHa C .n;ecop6UHe"A OKHCJIeHHo"A <pOPMhI BTOPOro nB. DJiaro.n;apR

TOMY, 'ITO npouecc nepeHoca 3JIeKTPoHa OT BTOpOro npORBJIRlOmerO BemeCTBa

K ueHTPY npORBJIeHHR pa36HBaeTCR Ha HeCKOJIhKO CTa.D;H"A,3HeprnR aKTHBaUHH

Ka)l{)J;o"A H3 KOTOphIX MeHhille 3HeprnH aKTHBaUHH O.n;HOCTa.D;H"AHOro npoueo-

ca, YMeHhillaeTCR HH.D;yKUHOHHhI"A nepHO.n; npORBJIeHHR H CKOpOCTh npouecca

cymecTBeHHo B03paCTaeT. B nOJIh3Y TaKOro MexaHH3Ma CBH.n;eTeJIhCTBYIOT

.n;aHHhIe 06 yCKopeHHH npORBJIeHHR BemeCTBaMH, He RBJIRlOmHMHCR BOCCTa-

HOBHTeJIRMH. I1x Ha3hIBaIOT peooICC-ICamaJIU3amOpaMU [1, c.433]. B Ka'leCTBe

TaKoro KaTaJIH3aTOpa .D;JIRru.npOXHHOHOBOro npORBHTeJIR MO)((eT CJIY)((HTh eto

OKHCJIeHHaR <popMa - napa6eH30XHHoH. 06pa30BaHHe KOMnJIeKCa Me)l{)J;y

a.D;COp6HPOBaHHhIM Ha ueHTPe npORBJIeHHR 6eH30xHHOHOM H rn.n;pOXHHOHOM

paccMaTPHBaeTCR KaK npH'IHHa yCKopeHHR npORBJIeHHR.Oc06eHHo 3<p<peK-

THBHhI B Ka'leCTBe npOMexyro'lHhIX nepe.n;aT'lHKOB 3JIeKTPoHoB .n;BYX3apMHhle

KaTHOHhl cTPoeHHR

0- ~tR-N (CH=CH)n-V-R

r.n;e n ~ O. HanpHMep, <poTorpa<pH'IeCKH aKTHBHhI COJIH 1, l'-.n;HaJIKHJI-4, 4'-

.n;HnHpH.n;HJIHR - BHOJIOreHbI [1, c.433]. TaKHe .n;HKaTHOHhl nOCJIe nepeHoca

3JIeKTPOHa OT nB npeBpamalOTCR B KaTHOH-pa.D;HKaJIhl, KOTophle, B CBOIO

O'lepe.n;h, nepe.n;alOT 3JIeKTPOH Ha ueHTP npORBJIeHHR. B COrJIaCHH co cxeMo"A

peaKUHH (104) coe.n;HHeHHR CJIyxaT 06paTHMhIMH nepeHOC'lHKaMH 3JIeKTpOHOB

aT nB K ueHTPY npORBJIeHHR.

+00+ +e(TIB)~t -e(UTI)
R-N J \ AN-R~R-N~-R~

+00+-- R-N N-R-- J\A

§9. ByaJIb. H36upaTeJlbHOCTb ,ZJ;eicTBWI
npOJlBHTeJlJl. AuTHBYaJIeHTbl

B npouecce npORBJIeHHR onpe.n;eJIeHHaR OnTH'IeCKaR nJIOTHOCTh nO'lep-

HeHHR 06pa3yeTcR H Ha He3KcnOHHpOBaHHhIX yqacTKaX <pOTOrpa<pH'IeCKOrO

CJIOR. nO'IepHeHHe, 06pa30BaBilleeCR Ha He3KcnOHHpOBaHHhIX yqacTKaX, Ha-

3hIBaeTCR 6yaJIblO. Pa3JIH'IalOT 3MyAbCUOHHy1O 6yaJIb, KOTopaR npe.n;CTaBJIReT

c060"A pe3YJIhTaT 06pa30BaHHR KaTaJIHTH'IeCKHX ueHTPOB - u,eHmpo8 8)JaJlU

B npouecce H3fOTOBJIeHHR H xpaHeHHR 3MYJIhCHH. 3T0 MOryT 6hITh Ago n

H AuO n-'IaCTHUhI, 06pa3YlOmHeCR B pe3YJIhTare .n;e"AcTBHR BOCCTaHOBHTeJIe"A,

JIHOO Ag2S-UeHTPhl, nepepOCillHe B npouecce cepHHCTOM CeHCH6HJIH3aUHH

H3 ueHTPOB 'IyBcTBHTeJIhHOCTH B ueHTPhI ByaJIH [(Ag2S)nAg+]. ByaJIb npo-

fl6AeHUJI - pe3YJIhTaT npRMoro B3aHMo.n;eMCTBHR npORBJIRlOmero BemeCTBa

H HOHOB Ag+ B paCTBope H Ha nOBepXHOCTH MHKpOKpHCTaJ1JIOB AgHal,

He co.n;epxameM ueHTPOB CKphITOro H306paxeHHR [1, c.397]. 113BeCTHO, '1TO

6POMHCToe cepe6po, OCa)l{)J;eHHOe B nOJIHOM TeMHOTe B OTCYTCTBHH )((eJiaTH-

HhI, O'leHh JIerKO BOCCTaHaBJIHBaeTCR, .n;axe eCJIH Ha Hero He .n;e"AcTBOBaJI CBeT.

ECJIH AgBr OCa)l{)J;aJICR B npHCYTCTBHH )((eJiaTHHhI, T. e. B yCJIOBHRX nOJIyqeHHR

<pOTorpa<pH'IeCKOM 3MyJIbCHH, cnoc06HOCTh BOCCTaHaBJIHBaThCR 6e3 npe.n;Ba-

pHTeJIbHoro OCBemeHHR CHJIbHO YMeHhillaeTCR [18, c.157]. TeM He MeHee

Bce npORBHTeJIH B HeKoTopo"A CTeneHH BOCCTaHaBJIHBaIOT H HeOCBemeHHoe

6POMHCToe cepe6po B 3MYJIbCHRX. Ha ByaJIHpOBaHHe 3Ha'lHTeJIbHoe BJIHRHHe

OKa3hIBaeT COCTaB npORBJIRlOmerO paCTBopa.

113BecTHO RBJIeHHe um/JeICu,UOHHOZO npORBJIeHHR, KOTopoe nOJIyqHJIO CBoe

Ha3BaHHe 3a TO, 'ITO npH HeM 3MYJIhCHOHHhle 3epHa, pacnOJIO)((eHHhIe B He-

nocpe.n;CTBeHHo"A 6JIH30CTH K npORBJIRlOmHMCR 3epHaM, TaK)((e Ha'lHHaIOT

npORBJIRThCR, HeCMQTPSI Ha TO, 'ITO Ha HHX He .n;eHCTBOBaJI CBeT. TaKHM 06pa-

30M, npORBJIRlOmeeCSI 3epHO KaK 6hl 3apaxaeT cnoc06HOCThlO npORBJIRThCR

Te coce.n;HHe 3epHa, KOTophIe caMH no ce6e He MOfYT npORBJIRThCR. TaKoH



THn npO~BJIeHH~ xapaKTepeH )J)I~ rHilPOXHHOHOBbIX npO~BHTeJIeH C MalIbIM

COilep)lQlHHeM Na2S03. B 3THX YCJIOBH~X B03MO:lKHO 06pa30BaHHe no peaKUHH

ilHcnponopUHOHHpOBaHH~ (94) ceMHXHHOHa, 06JIMaIOIUero nOBblweHHOH

peaKUHoHHoH cnoc06HOCTbIO. KpoMe TOro, paCCMaTpHBaeTC~ 06pa30BaHHe

1,2,4-TpHrHilpOKcH6eH30JIa - 60JIee CHJIbHOrO BOCCTaHOBHTeJI~, 'IeM rHilpo-

XHHOH [1, c.421].

Ha Byallb npO~BJIeHH~ OKa3bIBaeT BJIH~HHe He TOJIbKO aKTHBHOCTb ca-

MOro npO~BJI~IOIUerO BeIUeCTBa, HO H pa3JIH'IHble nOCTopOHHHe coeilHHeHH~,

COilep)lQlIUHeC~ KaK B 3MYJIbCHOHHOM CJIoe, TaK H B npo~BJI~IOIUeM pac-

TBOpe. llPOBeCTH 'IeTKYIO rpaHb Me)(()ly paCCMOTpeHHbIMH ilBYM~ THnaMH

ByalIH HeB03MO)I(H0, TaK KaK HalIH'IHe ueHTpOB ByalIH B 3MYJIbCHH CTHMy-

JIHpyeT pOCT ByalIH npO~BJIeHH~ nOil ileHCTBHeM coeilHHeHHH, HaxO.lUlIUHXC~

B npO~BJI~IOIUeM paCTBope. HanpHMep, H3BeCTHO ByalIHpyIOIUee ileHCTBHe

<peHTHa3HHOBoro KPaCHTeJI~ MeTHJIeHoBoro roJIy60ro (Mf, (XLIII)) npH ero

BBeileHHH B 3MYJIbCHIO HJIH npO~BHTeJIb [1, c.276].

~NM
H C- +~ S I (XLIII)

3 /N CI- ,CH3
H3C CH3

BYalIHpYIOIUee ileHcTBHe Mf H ilpyrHX, B TOM 'IHCJIe UHaHHHOBblX KPaCH-

TeJIeH CO CpOilCTBOM K 3JIeKTpOHy, Ha 3MYJIbCHH C cepHHCTOH CeHCH6HJIH-

3aUHeH, paCCMOTpeHO B pa3ileJIe cneKTpalIbHOH CeHCH6HJIH3aUHH. TaM :lKe

06C}')I(.llaeTC~ MexaHH3M ByalIHpOBaHH~ [99; 59], 3aKJIIO'IaIOIUHHC~ B Mcop6-

UHH KaTHOHa Mf+ Ha Ag2S-ueHTpe H B 06JIerqeHHH nepeHoca 3JIeKTpOHa

OT llB Ha Ag2S-UeHTpbI 'Iepe3 Mcop6HpOBaHHblH IqlaCHTeJIb (pHC. 124). Ta-

KHM 06pa30M, B pe3YJIbTaTe Mcop6uHH 3JIeKTpoHoaKUenTopHoro KPaCHTeJI~

ueHTp qyBCTBHTeJIbHOCTH npeBpaIUaeTC~ B ueHTp ByalIH. 3To)J)l~ HarnMHOCTH

paccMOTpeHo B MOileJIH TpHOila (PHC. 125, pHC. 133), cornaCHO KOTOPOH Ag2S-

ueHTp, BbIIIOJIH~IOI1lHH <PYHKUHIO «ceTKH» TpHOila, nOCJIe Mcop6uHH Mf+

3ap~eTC~ nOJIO:lKHTeJIbHO. llOJIO:lKHTeJIbHbIH 3apM «ceTKH» yCHJIHBaeT TOK

Me)(()ly KaTOilOM (Red) H aHOilOM (AgHal), T. e. npouecc npO~BJIeHH~ AgHal.

B paMKax MOileJIH TpHOila ueHTp ByanH, 06pa3YIOIUHHC~ B npouecce cepHHcTOH

ceHCH6HJIH3aUHH, MO)I(HO paccMaTpHBaTb KaK 60JIee KPynHbIH Ag2S-ueHTp,

npH06peTaIOIUHH nOJIO:lKHTeJIbHbIH 3apM B pe3YJIbTaTe Mcop6uHH HOHa Ag+

(THna Ag2S/Ag+). 3TO HJIJIIOCTpHpyeTc~ pHc.133. HanoMHHM, 'ITO B MOileJIH

TpHOila ueHTp CKpbITOro H306palKeHH~ HMeeT TO:lKe nOJIO:lKHTeJIbHbIH 3apM -

Ag2S/Ag~.

,J:J:alKenpH OTCYTCTBHH ByalIHpyIOIUHX BeIUeCTB B 3MYJIbCHH HJIH B npo-

~BJI~IOIUeM paCTBope ueHTpbI ByalIH Bcerila npHcyreTBYIOT B 3MyJIbCHH, oco-

6eHHO nOCJIe XHMH'IeCKOH ceHCH6HJIH3aUHH. OilHaKo CKOpOCTb npO~BJIeHH~

MHKpoKPHCTaJIJIOB, HMeIOIUHX ueHTpbl CKPbITOro H306palKeHH~, cymecTBeHHO

npeBOCXOilHT CKOPOCTb npO~BJIeHHe MHKpOKPHCTaJIJIOB C ueHTpaMH ByalIH.

-Ag2S/Kp-

A&S/AgX

A&S/A -

Pac.133. Mo.n;eJIb TpHo.n;a, HJIJIIOCTPHPYIOIlllUl POJIb Ag2S-UeHTpoB (<<CeTKH.) B pe-
ryJIHpoBaHHH TOKa npojlBJIeHIDI. Ag2S/Mf+ - ueHTp ByanH C a.aCop6HpoBaHHbIM
MeTHJIeHOBbIM ro.ny6bIM; Ag2S/ Ag+ - ueHTP cepHHCToH ByanH, 06pll3YIOIllHHCjI npH
nepe3peBaHHH 3MYJIbCHH; Ag2S/Kp- H Ag2S/A- - ueHTPbI C a.aCOp6HpoBaHHbIM
aHHOHHbIM KpaCHTeJIeM HJIH C aHHOHHbIM aHTHByaneHTOM; Ag2S/AgX - ueHTP
C a.aCOp6HpoBaHHbIM aHTHByaneHToM, 06Pll3YIOIllHM TpY.D;HOpaCTBopHMYIOcom. C Ag+

TaKHM 06pa30M,)J)I~ npO~BHTeJIeH xapaKTepHO u36upameAbHoe aeUcm6ue, CBSI-

3aHHoe C pa3HoA KaTalIHTH'IeCKOH aKTHBHOCTbIO ueHTpOB CKPblTOro H306pa-

:lKeHHSI H ueHTpoB ByalIH. B. H. IIIe6epcTOB [100] npe)J)lo:lKHJI xapaKTepH30BaTb

CTeneHb H36HpaTeJIbHOCTH (ceJIeKTHBHocTH) ileHcTBH~ npo~BHTeJIeH BeJIH'IH-

HOH U:

rile VH - CKOpOCTb npO~BJIeHHSI H306palKeHH~, VB - CKOpOCTb npOSlBJIeHH~

ByalIH, k - K03<P<PHUHeHT nponOpUHOHalIbHOCTH. Ha pHc.134 nOKa3aHO

pa3JIH'IHe B CKOPOCT~ npOHBJIeHH~ H306palKeHH~ (1) H ByalIH (2) B n-
aMHHocPeHOJIOBOM npO~BHTeJ'e no ilaHHbIM IIIe6epcToBa [18, c. 158].

CKOpOCTb npOSlBJIeHH~ KaK cKPbIToro H306palKeHHH, TaK H ByalIH yBe-

JIH'IHBaeTCSI C nOBbIweHHeM TeMnepaTYPbI. llpH 3TOM CKOPOCTb npOSlBJIeHHH

ByalIH B03pacTaeT 06bI'IHO B 60JIbWeH CTeneHH, 'IeM CKOpOCTb npOSlBJIeHHH

H306palKeHHSI [18, c. 159]. TaKHM 06pa30M, BYalIHPYIOIUaSI cnOC06HOCTb C no-

BblweHHeM TeMnepaTYPbI B03paCTaeT H, Ha060poT, H36HpaTeJIbHOCTbileHcTBHH

npOHBHTeJIH B03paCTaeT npH nOHH:lKeHHH TeMnepaTypbI. CKOpOCTb npOSlBJIe-

HHSI H306palKeHHSI VH MO:lKHO Bblpa3HTb 'Iepe3 3HeprHIO aKTHBaUHH B BH.n;e:



PIIc.l34. 3aBHCHMOCTI> nJ1OTHOCTH H306pIDKeHHSI (1) H nJ1OTHOCTH ByaJlH (2) OT Bpe-
MeHH npmlBJIeHHSI.lJ,1UI n-aMHH<><peHOJIOBoro npOSlBHTeJISi (no llIe6epcTOBY) [18, c.158]

r.lle AH - npe.ll3KCnOHeHUHan.bHbIH MHO)I{HTeJIb. AHan.ornqHoe BbJpaxeHHe

MO:>KHO3anHCan .llJIjI CKOpocTH npmIBJIeHHjI Byan.H:

V. = A . exp (_ EB
)

B B RT '

r.lle EB - 3Heprnjl aKTHBaUHH npouecca npOjlBJIeHHjI Byan.H. TaK KaK npe.ll3KC-

nOHeHUHaJlbHbIe qneHbI He 3aBHCjlT OT TeMnepaTypbI, TO pa3JlHqHe B BeJIHqH-

Hax VH H VB' a TaIOKe HX TeMnepaTypH~ 3aBHCHMOCTb ueJIHKOM Onpe.lleAAIOTCjI

3HeprHjlMH aKTHBaUHH EH H EB• IlpH 3TOM 3Heprnjl aKTHBaUHH peaKUHH

npOjlBJIeHHjI Byan.H EB 60JIbllIe, qeM 3Heprnjl aKTHBaUHH npOjlBJIeHHjI H30-

6paxeHHjI EH• U;eHTPbI CKpbITOro H306paxeHHjI KaTan.HTHqeCKH 06JIerqaIOT

npojlBJIeHHe H306paxeHHjI H CHH:>KaIOT 3HeprHIO aKTHBaUHH. 1136HpaTeJIb-

Hocn npOjlBHTeJIR 3aBHCHT OT pa3HOCTH 3HeprnH aKTHBaUHH npORBJIeHHR

Byan.H H H306paxeHHjI t::.E = E. - EH• KaK npaBHJlO, qeM 60JIbllIe 3Ta

pa3HHua, TeM 60JIbllIe H36HpaTeJIbHOCTb. B Ta6JI. 5 npHBe.lleHbI .llaHHbIe H3 pa-

60TbI llIe6epcToBa 0 Cpe.llHHX (KaxYIUHXCR) 3HeprHRX aKTHBaUHH H CTeneHH

H36HpaTeJIbHOCTH npojlBHTeJIeH, O.llHHaKOBblX no KOJIHqeCTBeHHOMY cocTaBy,

HO C Pa3JlHqHbIMH npoSlBJIRIOIUHMH BeIUeCTBaMH [18, c. 161].
113 rn6JIHUbI CJIe.llyeT, qTO H36HpaTeJIbHOCTb n-aMHH<><l>eHOJIa H MeTO-

JIa 60JlbllIe, qeM rn.npOXHHOHa. 1136HpaTeJIbHOCTb B 3HaqHTeJIbHOH CTeneHH

onpe.lleJIjleTCSI caMOH (j>OTOrpaqlHqeCKOH 3MYJIbCHeH.

§ 9. ByaJIb. H36upameJIbHOCmb OeUCm8UJl npOJl8UmeJlJl. AHmu8YaJIeHmbl

Th6J1Hna 5. CpellHHe 3Hepnm aKTHBaUHH peaKuHl% npoSlBJIeHHSI EM H E.
Pa3JIH'lHbIMH npOSlBJISlIOIUHMH BeIUeCTBaMH (KKaJI/MOJII» npH 20·C

npOliBilllJOmee BemeCTBO E. EM 6.E U

n-AMHH<><peHoJi 28 7 21 190

MeTOJI 24 13 11 180
fHLlPOXHHOH 28 19 9 100

):(JUI YMeHbllIeHHSI Byan.H npHMeHSlIOT anmU8YaJIenmbl - BemeCTBa, CHH-

)I(aIOIUHe CKOpOCTb pOCTa Byan.H B npOuecce npOSlBJIeHHSI B 60JIbllIeH CTe-

neHH, qeM CKOpOCTb pOCTa H306paxeHHR. 113BecTHbI KaK HeOpraHHqeCKHe,

TaK H OpraHHqeCKHe aHTHByan.eHTbI. IlpOCTeHllIHM aHTHByan.eHTOM RBJIReTCR

BO.llOpaCTBopHMbIH 6POMH.ll Ka.JIHR, KOTOpbIH npHMeHAAH B 3TOM KaqeCTBe

eIUe Ha 3ape (j>OTorpa(j>HH. OnHCaHO MHO)l(eCTBO OpraHHqeCKHX coe.llHHeHHH,

.lleHCTBYIOIUHX KaK aHTHByan.eHTbI. IlpOCTeHllIHMH aHTHByan.eHTaMH RBJISIIOT-

CR CTa-COJIb, HHTP06eH3HMH.lla30JI, 6eH30TPHa30JI, (j>eHHJI~epKanTOTeTPa30JI

H .llp. I1x (j>OPMYJIbI H npOH3Be.lleHHR paCTBOpHMOCTH Ag -COJIeH npHBe.lle-

HbI HH)I(e. AHTHByan.HpYIOIUee .lleHCTBHe 3THX coe.llHHeHHH CBjl3bIBaJIH C HX

OH

H,C(';')
CTa-COJII>

O-:H)N (XLIV)
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cnoc06HOCTbIO 06pa30BbIBaTb TPY.llHOpaCTBopHMbIe COJIH C HOHOM Ag+, T. e.

co cnoc06HoCTbIO YMeHbllIaTb KOHueHTPaUHIO Ag+, a, CJIe.llOBaTeJIbHO, nOTeH-

UHan. EAg [1, c.400]. HanpHMep, paCCMaTPHBan.oCb 06pa30BaHHe Ha nOBepx-

HOCTH MHKpOKpHCTaJIJIa AgHai 060JIOqKH H3 TpY.llHOpaCTBopHMOH COJIH (AgX)

cTa6HJIH3aTOpa, CKOPOCTb BOCCTaHOBJIeHHSI KOTOpOH MeHbllIe, qeM AgHal.

O,uHaKo qeTKOH 3aBHCHMOCTH Me)l()ly pacTBopHMOCTbIO cepe6pjlHbIX COJIeH

aHulByan.eHToB H HX aKTHBHOCTbIO He 6bIJIO BbIRBJIeHO. IlOCJIe TOro, KaK

By,u [101] 06Hapy)l(HJI, qTO TenJIOTbI a,uCOp6UHH HeKoTopbIX cTa6HJIH3aTOpoB

Ha cepe6pSlHbIX H oc06eHHo Ha Ag2S-qaCTHuax 60JIbllIe, qeM Ha AgHaI, HX

,ueHcTBHe 06bSlCHAAH TOpMO)l(eHHeM BOCCTaHOBJIeHHSI HOHOB Ag+ Ha 3aP0.llbI-

llIax Ago H Ag2S, COCTaBJISlIOIUHX ueHTPbI Byan.H [1, c.400].

B pa60Te [99] 6bIJIO nOKa3aHO, qTO Ha AgBr-3MYJIbCHH C cepHHcTOH

ceHCH6HJIH3aUHeH Byan.b, BbI3bIBaeMaSl a,ucop6uHeH MeTHJIeHoBOro roJIy60-



ro (Mf), MO:lKeT6bITb YMeHbWeHa npH .n;06aBJIeHHH B 3MYJIbCHIO nOCJIe Mf
CTa-COJIH HJIH THaMOHOMeTHHUHaHHHa, KOTOpbIe a.n;COp6HPYIOTCHHa Ag2S.
YMeHbWeHHe ByaJIH CBH3aHOC .n;ecOp6UHeA Mf+ C Ag2S-ueHTpOB H C YBeJIH-
'1eHHeM 3HepruH aKTHBaUHH nepeHOCa 3JIeKTpOHa OTnpOHBJIHlOmero BemeCTBa
Ha 3TH ueHTpbI. OCo6eHHO CHJIbHoe aHTHByaJIHpylOmee .n;eACTBHeOKa3bIBaeT
THaMOHOMeTHUHaHHH (XLVI) aHHOHHoro THna

Tpy.n;HOH paCTBopHMOCTH AgHai (Knp(AgBr) = 5,3' 10-13). Y.n;aJIeHHe AgHai
H3 CJIOHHJIH rPUKCUp06aHUe OCymeCTBJIHeTCHC nOMOmblO coe.n;HHeHHH, 06pa-
3YlOWHX npO'lHbIe BO.n;OpaCTBOpHMbIeKOMnJIeKCbI C HOHOM Ag+.

I1cTOpH'IeCKH nepBbIM npOueCCOM <!>HKCHpOBaHHH<!>OTOCJIOH6bIJI HC-
nOJIb30BaHHblH eme <1>. TaJI6OTOM MeTO.n;paCTBOpeHHH AgHai B KOHueHTpH-
pOBaHHbIX paCTBOpaX raJIOreHH.n;OBmeJIO'lHbIX MeTaJIJIOB3a C'IeT 06pa30BaHHH
KOMnJIeKCHbIX aHHOHOB [AgHal2t. O.n;HaKO Cpe.n;H BemeCTB, C KOTOPblMH
6pOMHCToe cepe6po (a TaK:lKe XJIOpHCToe H HO.n;HCToe)MO:lKeT06Pa30BblBaTb
KOMnJIeKCHbIe coe.n;HHeHHH, Ha nepBOM MeCTe no Ba:lKHOCTHH WHpOTe npH-
MeHeHHH CTOHTTHOCYJIb<!>aTbIHaTpHH (Na2S203) H aMMOHHH ((NH4hS203)'
113 .n;pyrux BemeCTB, paCTBOpHlOmHX AgHal, MO:lKHO Ha3BaTb UHaHHCTbIH
KaJIHH, po.n;aHHCTbIHaMMOHHj:!:H THOMo'leBHHy.

06bI'IHO <!>HKCHpoBaHHeB paCTBope Na2S203 BKJIIO'IaeT B ce6H nOCJIe.n;o-
BaTeJIbHoe 06pa30BaHHe THOCYJIb<!>aTHbIXKOMnJIeKCOBcepe6pa no peaKUHH:

'Th6J1HII8 6. IlpoH3Be.lleHIDl pacTBopHMOCTH cepe6pllHbIX COlIeR aHTHByaJIHPYIOIUHX
BeIUeCTB [1, c.15]

CoeJJ;HHeHHlI (HX) Knp(AaJ{l pKnp(AaJ{l

Cra-COJlh 3.10-11 10,5
H!il1 6.10-13 12,2
!iTA 4.10-14 13,4
<IlMT 6.10-17 16,2
AgBr 5,3' 10-13 12,3

AgHai + Na2S203 = NaHal + Na[AgS203]

Na[AgS203] + Na2S203 = Na3[Ag(S203h]

(108)

( 109)
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B npHcYTCTBHH KPaCHTeJIHYP0BeHb ByaJIH CJIoeBC Mf na.n;aJI.n;O3Ha'leHHH
.n;axe MeHbwero, '1eM nJIOTHOCTb ByaJIH 06Pa3UOB 6e3 Mf. B paCCMOTpeH-
HOH BbIwe Mo.n;eJIHTpHo.n;a (pHC. 133) BBe.n;eHHeOpraHH'IeCKHX coe.n;HHeHHA
paBHOCHJIbHO nOTepe nOJIO:lKHTeJIbHoro 3aPMa Mf+ Ha «ceTKe» Ag2S, JIH60
.n;axe nOHBJIeHHIO OTpHuaTeJIbHoro 3aPMa Ag2SjKp- (3anHpaHHe TpHo.n;a,
pHC. 133, 6) .D:JIHaHHoHHoro THaMOHOMeTHHUHaHHHa XLVI. MO:lKHO npe.n;no-
JIO:lKHTb, '1TO B CJIyqae ueHTpOB ByaJIH THna (Ag2S)nAg+ BBe.n;eHHecoe.n;HHe-
HHH HX, 06pa3YlOmHX Tpy.n;HopaCTBopHMbIe COJIHC Ag+(AgX), cnoc06cTByeT
CBH3bIBaHHIO nOJIO:lKHTeJIbHoro 3apMa ueHTpa ByaJIH npH a.n;COp6UHHaHTH-
ByaJIeHTOB Ha 3THX ueHTpax, a, CJIe.n;OBaTeJIbHO,nOTepe nOJIO:lKHTeJIbHoro
3apMa ceTKH (Ag2SjAgX), JIH60 .n;axe K nOHBJIeHHIOoTpHuaTeJIbHOro 3apMa
(Ag2SjX-) (pHC. 133, 6).

Coe.n;HHeHHe Na[AgS203], 06pa3YlOmeecH Ha Ha'laJIbHOA CTa.n;HH<!>HKcHpoBa-
HHH, nJIOXO paCTBopHMO B Bo.n;eH HaxO.n;HTCHB Bu.n;e np03pa'lHbIX KPHCTaJI-
JIOB. B H36b1TKe Na2S203 06pa3yeTCH JIerKO paCTBopHMoe B BO.n;eBemeCTBO
Na3[Ag(S203h]. llpH eme 60JIbWeM H36b1TKe THOCYJIb<!>aTaB03MO:lKH0 o6pa-
30BaHHe KOMnJIeKCHOACOJIHN~[Ag2(S203h]. O.n;HaKOB peaJIbHbIX yCJIOBHHX
<!>HKcHpoBaHHH(20-30% paCTBOpbl Na2S203) OCHOBHbIMnpo.n;YKTOMHBJIHeTCH
Na3[Ag(S203)2]. .

B TOT MOMeHT, Kor.n;a Bce raJIOH.n;Hoe cepe6po npeBpamaeTCH B MOHO-
.n;eHTaTHbIj:!:KOMnJIeKC Na[AgS203], CJIoA CTaHOBHTCHnp03pa'lHbIM. O.n;HaKO
npouecc <!>HKCHPOBaHHHHeJIb3H C'IHTaTb 3aKOH'IeHHbIM, TaK KaK KOMnJIeKC
H3-3a MaJIOH paCTBopHMOCTH He BbIMbIBaeTCH H3 CJIOH H '1epe3 HeKOTopoe
BpeMH nOJIyqeHHoe coe.n;HHeHHe pa3JIaraeTCH C 06pa30BaHHeM Ag2S. 113-3a
CYJIb<!>u.n;acepe6pa CJIoA nOKPbIBaeTCH :lKeJITblMH H KOpH'IHeBbIMH nHTHaMH.
ll03TOMy He06xo.n;HMo npo.n;OJI:lKHTb<!>HKCHpOBaHHe.n;o 06pa30BaHHH BTOpOro
KOMnJIeKcHoro coe.n;HHeHHHNa3[Ag(S203h] H npo.n;OJI)KHTeJIbHOCTb<!>HKCHpO-
BaHHH, KaK npaBHJIO, .n;OJI)KHa6bITb B.n;Boe.n;OJIbWe,'1eM BpeMH, He06xo.n;HMoe
.D:JIHOCBeTJIeHHHCJIOH.

KOMnJIeKCHbIH HOH [Ag(S203h]3- HBJIHeTCHBeCbMa cTa6HJIbHbIM (KOH-
CTaHTa HeCTOHKOCTHpK12 = 13,3 [I, c. 16]), n03TOMY npH npOMbIBaHHH CJIOH

nOCJIe <!>HKCHpOBaHHHB Bo.n;eOH He pacna.n;aeTCH .n;o [AgS203r (pKl1 = 9)
H BbIXO.n;HTH3 CJIOSIB BO.n;y.

CKOPOCTb <!>HKcHpoBaHHSI3aBHCHT OT KOHueHTpaUHH Na2S203 H TeM-
nepaTYPbI. llPH yBeJIH'IeHHH KOHueHTpaUHH Na2S203 .n;o f'V 20 BeC. % CKO-
POCTbB03paCTaeT, B HHTepBaJIe 20-40 Bec. % MaJIO 3aBHCHT OT KOHueHTpaUHH
H npH KOHueHTpaUHSlX > 50 Bec. % na.n;aeT [18, c.I86]. 3T0 HJIJIIOCTpHpyeTcH
pHC. 135. C yBeJIH'IeHHeM TeMnepaTYPbI CKOpOCTb<!>HKcHpoBaHHSIB03paCTaeT.

§ 10. <l>HKcupoBaHHe npOJlBJIeHHoro
4>oTorpa4>lf1IeCKoro H300pa1KeHHJI

XHMHKO-<!>OTorpa<!>H'IeCKaH06pa60TKa He 3aKaH'IHBaeTCH npOSlBJIeHHeM
<!>OTOMaTepHaJIa.llOCJIe npOHBJIeHHH B <!>OTOCJIoeco.n;ep:lKHTCHcepe6po H30-
6paxeHHSI H HenpOSlBJIeHHbIe MHKPOKPHCTaJIJIbIAgHal. AnH 3aKpenJIeHHH
H306paxeHHH He06xo.D:HMOy.n;aJIHTbH3 CJIOHOCTaBWHAcH CBeTo'lyBcTBHTeJIb-
HbIH raJIOreHH,lI; cepe6pa. llPOMbIBKOH <!>OTOCJIOH3TO HeJIb3S1c.n;eJIaTbH3-3a
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Pac. 135. CKOpocTb !l>HKCHPOBaHIDIAgBr npH pa3JIH'lHbIX TeMnepaTypax B 33BHCHMO-
CTH OT KOHueHTPalUlH THocYJIb<PaTa H3'TpIDI (no EeHHecy) [18, c. 186]

§ 11. ,1J;H4>4>y3HoHHhIe 4>oTorpa4>H'leCKHe npOn;eCCbI
(l)H3H'1ecKoe rrpOJlWleHHe, B KOTOPOM HCTOqHHKOM HOHOB Ag-r JJ:.1HIcepe-

6pJlHOro H306paxeHHJI JlWlJleTCH paCTBOp COJIH cepe6pa, HaWJIO rrpHMeHeHHe

B TaK Ha3blBaeMbIX i)UtjJtjJY3UOHHbIX npOl4eccax HJIH, TOqHee, B nl'oueccax C ,n:H<I>-

<l>Y3HOHHbIM nepeHOCOM. 3TH npoueCCbI COCTaWlHIOT OCHOBY CKOpOCTHbIX Me-

TO,llOB nOJIyqeHHJI H306paxeHHH THna «MOMeHT». B OTJIHqHe OT 06hlqHOrO

HeraTHBHoro rrpouecca B ,n:H<I><I>Y3HOHHOMnpouecce nOJIyqaIOT cpa3Y rr03H-

THBHoe H306paxeHHe, T. e. B TOM MeCTe, r,n:e JJ:eMCTBOBaJI CBeT, nOJIyqaeTcH

CBeTJIoe H306paxeHHe H, Hao60pOT, B He3aCBeqeHHhIX MeCTax o6pa3yeTcH

cepe6pHHoe H306paxeHHe.

B ,n:H<I><I>Y3HOHHhIXrrpoueccax B KaqeCTBe CBeTOqYBCTBHTeJIhHOro 3JIeMeH-

Ta npHMeHJlIOT 06bIqHhiM HeraTHBHhIM <l>oToMaTepHaJI, B KOTOpOM no,n: ,n:eM-

CTBHeM CBeTa 06pa3yeTcH CKPhlToe H306paxeHHe. O,n:HaKO B npOHWlHIOIUHM

paCTBOp ,n:06aBJIHIOT BeIUeCTBa, paCTBopHIOIUHe AgHaJ, 06hlqHO Na2S203. ilpo-

uecc npOHWleHHH HeraTHBHoro CJIOH H3-3a BhlCOKOM aKTHBHOCTH rrpOSlBHTeJIH

(BbICOKOM pH, cynepaMHTHBHOCTh) 3aBepwaeTCH OqeHh 6hlCrpO (ceKYH,n:hl),

rr03ToMY 3aCBeQeHHhle MHKpOKpHCTaJIJIhI AgHai MfHOBeHHO BOCCTaHaWlHBa-

IOTCH ,llO MeTaJIJIHQeCKOrO cepe6pa. EJIaro,n:apH rrpHcyrcTBHIO B npOHBHTeJIe

Na2S203 He3aCBeQeHHhle MHKPOKPHCTaJIJIhl AgHaJ paCTBOpHIOTCH C o6pa30-

BaHHeM THocYJIb<l>aT-cepe6pHHhlX KOMlIJIeKCOB, KOTophle BMeCTe C rrpOHBJIH-

IOIUHM BeIUeCTBOM ,llH<I><I>YH.D:HPYIOTB coce,n:HHM CJIOM ~ B TaK Ha3hlBaeMbIM

n03HTHBHbIM npHeMHhIM CJIOM (pHC. 136, a). B npHeMHOM CJIoe CO,llepXaTCH

KaTaJlHTHQeCKHe ueHTphl (He AgHaI), Ha KOTOphIX H,n:eT <l>H3HQecKoe npoSlBJIe-

HHe C 06pa30BaHHeM rr03HTHBHoro cepe6pSlHoro H306paxeHHH (pHC. 136, 6).
B 3aBHCHMOCTH OT COCTaBa npOSlBHTeASl H TeMneparypbI ,llOCTaTOQHO OT 20 C

,n:o 2 MHH, QTo6hl B n03HTHBHhiM CJIOM nepeWJIO H BOCCTaHOBHJIOCh Ha Ka-

TaJIHTHQeCKHX ueHTpax ,n:OCTaTOqHoe KOJIHqeCTBO HOHOB Ag+, He06xO,llHMbIX

.llJISl nOJIyqeHHSl H306paxeHHSl. l.{acTo B ,n:H<I><I>Y3HOHHhIX KOMnJIeKTaX MeXJJ:Y

HeraTHBHhIM H n03HTHBHhiM CJIOSlMH BBOMT BSl3KYIO nacry o6pa6aThlBaK?IUero

pacTBopa, KaK 6hI CKJIeHBaIOIUYIO ,n:Ba CJIOSl. nOCJIe 3aBepweHHSl rrpOJlWleHHJI

naCTa rrpHJIHnaeT K HeraTHBHoMY CJIOIO, a fOTOBoe n03HTHBHoe H306paxeHHe

OT,n:eJISlIOTOT HeraTHBa npH paCKJIeHBaHHH CJIoeB.

Il03HTHBHLUt CJIoil: C ueH'TpaMH
!l>H3H'1eCKoro npoRBJIeHIDI

CJIOH npoRBHTeJIJI C Na2S203

HeraTHBHblH CJIoil: C AgHal
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Pac. 136. CxeM3 .llH!I>!I>Y3HoHHoronpouecca

OCHOBHhIM rpe60BaHHeH K KaTaJIHTHqeCKHM ueHrpaM, co,n:epxaIUHMcH

B npHeMHoM CJIoe, HWlHeTCH HaJIHqHe 3JIeKrpOHHOM npoBo,n:HMOCTH. B Ka-

QeCTBe TaKHX ueHrpOB rrpHMeHHIOT ru,n:p030JIH Cu, Ag, Ag2S, Se, CdS,

PhS H ,n:p. [1, c.467). XapaKTepHo, QTO MHHHMaJIhHhIM pa3Mep cepe6pH-

HOro 3apo,n:hIwa <l>H3HqeCKoro npOHWleHHH COBna.n:aeT C pa3MepoM ueHrpa

cKPhlTOro H306paxeHHH, T. e. COCTaWlSleT 3-4 aTOMa Ago [1, c. 468]. ):(JIH <l>H-

3HqeCKOrO npOHBJIeHHH npe.llJlOXeH 3AeKmpOHHO-XeMocop6I4UOH~blU MexaHU3.M,

npe,n:nOJIaraIOIUHM BhICOKYIO xeMocop6uHOHHYIO aKTHBHOCTh KaTaJIHTHQeCKHX

QaCTHu [1, c.472]. B OTJIHqHe OT 06hlqHOrO npouecca <l>HKcHpoBaHHH, cO,llep-

X3HHe Na2S203 B npOHBHTeJIe .llJIH ,n:H<I><I>Y3HOHHOro npouecca cYIUeCTBeHHO

MeHhwe. BhlcoKHe KOHueHrpauHH KOMnJIeKCoo6pa30BaTeJIH, XOTH H 6naro-

npHHTcTHYIOT 6hICTpOMY pacTBopeHHIO HenpOSlBJIeHHoro AgHai B ,llOHOpHOM



cnoe, O,llHaKO npemlTcTBylOT <l>H3HtIeCKOMY npO~lBneHHIO Ha 3apO,llbIIIIax, CHH-

:lKlUI aKTHBHOCTb HOHOB Ag+ B pe3ynbTaTe KOMnneKC006pa30BaHH~. IlpH MeHb-

IIIHX KOHueHTPaUH~X Na2S203, npHMeH~eMbIX B ,llH<l><l>Y3HOHHbIX npoueccax,

THocynb<l>aT-HoHbI yqacTBylOT B npouecce MHoroKPaTHO, Hrpa~ KaK 6bI pOnb

nepeHOCtIHKa (tIenHOKa) HOHOB Ag+ OT AgHal K KaTanHTHtIeCKHM ueHTPaM.

§ 12. OrotoBpeMeHHoe npOBBJIeHHe H cIlHKcHpoBaHHe
(orotoBaHHoBbIH nponecc)

3HatIHTenbHbIH BKna.n <l>H3HtIeCKOfO npO~BneHH~ HMeeT MeCTO B TaK

Ha3bIBaeMbIX M01l08aUlI08blX npOll,eccax, T. e. B CKOPOCTHbiX npoueccax O,llHO-

BpeMeHHoro npO~BneHH~ H <l>HKcHpOBaHH~. 06menpHH~TbIM paCTBopHTeneM,

KaK H B npoueccax C ,llH<l><l>Y3HOHHbIMnepeHOCOM, ~Bn~eTC~ Na2S203, O,llHaKO

KOHueHTPaUH~ ero cymeCTBeHHO BblIIIe, TaK KaK petIb H,lleT 0 nonHOM paCTBO-

peHHH AgHal B npouecce 06pa6OTKH. HaH60nee 3<l><l>eKTHBHbI npO~Bn~lOmHe

KOMn03HUHH fH,llpOXHHOHa C <l>eHH,llOHOM HnH C O,llHHM H3 npOH3BO,llHbIX

<l>eHH,llOHa. CTeneHb <l>H3HtIeCKoro npo~BneHH~ tIepe3 paCTBOp B MOHOBaH-

He 3aBHCHT OT BbI60pa npO~BHTen~ H paCTBOpHTeIDI. TaK KaK B pe3ynbTa-

Te <l>H3HtIeCKoro npO~BneHH~ Ha6nlO,llaeTC~ YTOnmeHHe cepe6p~HbIX HHTeH,

3TO conpoBO)l{)l;aeTC~ YMeHbIIIeHHeM KPolOmeil cnoc06HocTH" npO~BneHHoro

cepe6pa. B TOM cnyqae, ecnH 06pa3YlOmHec~ cepe6p~HbIe KOMnneKCbI CTa-

6HnbHbI BO BpeMeHH, TO <l>oTOMaTepHan nocne MOHOBaHHOBoil 06pa60TKH

He npOMbiBaeTC~ (6ecnpOMbIBOtIHbIil npouecc), T. e. KOMnneKCbI OCTaIOTC~

B <l>OTocnoe.

CTaOHJIH3au;U
4JoTOrpa4Jlf1IeCKHX MaTepHaJIOB

§ 1. CTa6HJIbHOCTb cIloToMaTepHaJIOB BO BpeMeHH
B npouecce xpaHeHH~ <l>oTorpa<l>HtIeCKHX MaTepHanOB H3MeH~IOTC~ HX xa-

paKTepHCTHKH H, npe)l{)l;e Bcero, CBeTOtIyBcTBHTenbHOCTb, KOHTPaCT H Byanb.

3TOT npouecc 0603HatIaeTC~ KaK cmapellue <l>oTorpa<l>HtIeCKHX MaTepHanOB.

06bItIHO npH xpaHeHHH CBeTOtIYBCTBHTenbHOCTb KaK 06ma~, TaK H cneK-

TPanbHM, na.naeT, a Byanb B03paCTaeT, B pe3ynbTaTe tIero <l>oToMaTepHan

C TetIeHHeM BpeMeHH CTaHOBHTC~ HenpHrO,llHbIM .nn~ npaKTHtIeCKOH pa6o-

TbI. Ilpouecc CTapeHH~ B 3HatIHTenbHOH CTeneHH onpe,llen~eTC~ ycnoBH~MH

xpaHeHH~ <l>OTocnoeB. KaK npaBHno, npH xpaHeHHH <l>oToMaTepHanOB npH

nOHH)I(eHHOil TeMnepaTYPe (B XOnO,llHnbHHKe) cTa6HnbHOCTb <l>OToMaTepHa-

nOB B03paCTaeT. 11, Hao6opOT, B ycnoBH~X nOBbIIIIeHHOH TeMnepaTYPbI H,

oc06eHHO, Bna:>KHOCTH coxpaH~eMOCTb <l>oTocnoeB pe3KO na.naeT. Il03TOMY

.nn~ yCKopeHHoro CTapeHH~ <l>oToMaTepHanOB, npHMeH~eMoro.nn~ oueHKH HX

cTa6HnbHOCTH, Hcnonb3YlOT nOBblIIIeHHYIO TeMnepaTYPY (rv 50°C) H Bna:>K-

HOCTb (rv 60 % OTH.). IloTep~ CBeTOtIyBcTBHTenbHOCTH MeHbIIIe, ecnH cnOH

xpaH~TC~ B aTMoc<l>epe HHepTHoro ra3a, B TO)l(e BpeM~ POCT ByanH MeHb-

IIIe npH xpaHeHHH <l>oToMaTepHana Ha B03,llyxe H B aTMoc<l>epe O2 npH TOM

)I(e OTHOCHTenbHOM Bna:>KHOCTH [I, c.400]. HaH60nbIIIHM POCT ByanH npH

HaHMeHbIIIeM na.neHHH CBeTOtIyBcTBHTeJIbHOCTH Ha6JIIO,llaeTC~ npH xpaHeHHH

B BaKYYMe. Ha6JIIO,llaeMbIH HHOr,lla npHpOCT tIyBCTBHTeJIbHOCTH y HeKOTopbIX

3MYJIbCHH 60JIbIIIe B aTMoc<l>~pe N2 H B BaKYYMe, tIeM Ha B03,llyxe H B 02.

Heo6xo,llHMO OTMeTHTb, qTO CKOpOCTb H3MeHeHH~ CBeTOqYBCTBHTeJIbHOCTH

3aBHCHT, eCTeCTBeHHO, OT caMOH 3MYJIbCHH H, npe)l{)l;e Bcero, OT pa3Mepa

MHKPOKPHCTaJIJIOB, CTeneHH H THna XHMHqeCKOH ceHCH6HJIH3aUHH.

CymecTBeHHoe BnH~HHe Ha cTa6HJIbHOCTb CJIOeB OKa3bIBaeT cneKTPanb-

HbIH ceHCH6HJIH3aTOp. HanpHMep, HH<l>paKPaCHTeJIH B qepHo-6eJIbIX nneHKax

cnoco6CTBYlOT na.neHHIO qyBcTBHTeJIbHOCTH, COnpOBO)l{)l;alOmeMYC~ nOTepeH

KOHTPaCTa H pOCTOM ByanH. XapaKTepHO npH :nOM, qTO YMeHbIIIeHHe CBe-

TOqYBCTBHTeJIbHOCTH B 06naCTH cneKTpanbHOH ceHCH6HJIH3aUHH npeBblIIIaeT

na.neHHe co6CTBeHHOH (CHHeH) qYBCTBHTeJIbHOCTH 3MYJIbCHH. TaKHM o6pa-

30M, .OCHOBHbIMH <l>aKTOpaMH, cnoco6CTBYlOmHMH na.neHHIO CBeTOqyBcTBH-

TeJIbHOCTH <l>oTOCJIOeB, ~Bn~IOTC~ TeMnepaTypa, Bna:>KHOCTb, CO,llep)l(aHHe 02
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H HaJIHtIHe 3JIeKTPOHOaKuenTopHbIX KpaCHTeJIeH, T.e. cl>aKTOPbI, 6JIaronpH-

RTCTByIOIUHe npOTeKaHHIO OKHCJIHTeJIbHbIX npoueCCOB. C .npyroH CTOpOHbI,

nOBbIIUeHHaR TeMnepaTYPa, a TaIOKe HaJIH'IHe B 3MYJIbCHH pe)J;YKTQHOB (B TOM

'1HCJIe HK-KpaCHTeJIeH) MoxeT cnOC06CTBOBaTb BOCCTaHOBHTeJIbHblM npouec-

caM C 06pll3OBaHHeM AgO H3 Ag+, '1TO MoxeT conpoBO)l{)J;aTbCR KaK POCTOM

CBeTO'IyacTBHTeJIbHOCTH (BOCCTaHOBHTeJIbHaR CeHCH6HJIH3aUHR), TaK H PO-

CTOM ByaJIH. nOBbIweHHe TeMnepaTYPbI, B npHHUHne, .n0Jl)KH0 cnoc06CTBO-

BaTb npo.nOJDKeHHIO npoueCCOB XHMH'IeCKOH, H B nepByIO O'lepe.nb, cepHHCTOH

CeHCH6HJIH3aUHH. TaKHM 06pa30M, CTapeHHe npe.nCTaBJIReT C060H KOMnJIeKC

TeMHOBbIX XHMH'IeCKHX peaKUHH, nporeKaIOIUHX B cl>oTorpacl>H'IeCKOH 3MyJIb-

CHH nOCJIe ee H3roTOBJIeHHR.

npH npoTeKaHHH XHMH'IeCKHX peaKUHH CJIeBa HanpaBO 06pa3YIOTCR MOJIeKYJIbI

CYJIbcl>H,lla cepe6pa Ag2S HJIH aTOMbI AgO, KOTopbIe MOryI' )J;OCTPaHBaTb yxe

06pa30BaBwHeCR ueHTPbI cBeToqyBCTBHTeJIbHOCTH, JIH60 TPaHccl>opMHpoBaTb

HX B ueHTPbI BYaJIH.
AHOMaJIbHbIH MexaHH3M CTapeHHR 06'bRCHRIOT OKHCJIeHHeM ueHTPOB qyB-

CTBHTeJIbHOCTH [103], T.e. OKHCJIeHHeM Ag2S-ueHTPOB H Ag°-UeHTPOB C yqa-° .CTHeM KHCJIopO)J;a H npOTOHOB BO.nbI. OKHCJIeHHe Ag -ueHTPOB paBHOCHJIbHO

§ 2. Dponecchl CTapeHHB cIloTorpacllHtlecKHX CJIOeB
CymecTBYIOT Pa3JlH'IHbIe npe.nCTaBJIeHHR 0 MexaHH3Me CTapeHHR [1, c. 400],

O)J;HaKO HaH60Jlee H3yqeHbI )J;Ba H3 HHX: HOpMOJIbHOe H aHOMOJIbHOe CTape-

HHe [102].

Ha pHC. 137 nOKa3aHbI H3MeHeHHR cBeToqyBcTBHTeJIbHOCTH H nJIOTHOCTH

ByaJIH npH CTapeHHH cl>O'rOI::JIOeB. npH HOpMaJIbHOM CTapeHHH Ha6J1IO)J;aeT-

CR pOCT CBeTOqyBCTBHTeJIbHOCTH cl>OTOCJIOR .no MaI<;CHMaJIbHOro 3Ha'leHHR,

a 3aTeM pe3Koe ee CHH)I{eHHe (pHc.137, a). MaKCHMYMCBeTOqyBCTBHTeJIb-

HOCTH COBna)J;aeT C Ha'laJIOM 6bICTPOro pOCTa ByaJIH. MexaHH3M 3TOro npo-

uecca aHaJIOrn'leH XHMH'IecKoMy C03peBaHHIO (npo.nOJDKeHHoe C03peBaHHe)

H HOCHT CeHCH6HJIH3aUHOHHbIit xapaKTep [I, c. 40 I]. HOPMaJIbHoe CTapeHHe

MOXHO paCCMaTPHBaTb KaK 3aMeMeHHoe npO)l;OJDKeHHe BTOPOro C03peBaHHR,

B pe3YJlbTaTe KOTOpOro CBeTO'IYBCTBHTeJIbHOCTb BHa'laJIe B03paCTaeT, )l;OCTH-

raeT MaKCHMYMa H 3aTeM na)J;aeT. BYaJIb HenpepbIBHO B03paCTaeT, BHa'laJIe

MeMeHHO, HO )l;aJIee 6bICTPee, C yaeJIH'IHBaIOIUeitcR CKOPOCTbIO. B CJIyqae

aHOMaJIbHOro CTapeHHR Ha6JIIO)I;aeTCR MOHOTOHHoe CHH)I{eHHe CBeTOqyBCTBH-

TeJIbHOCTH CJlOR JlH60 npH npaKTH'IeCKH HeH3MeHHb~ nJIOTHOCTRX BYaJIH,

JIH60 npH pOCTe ee (pHC. 137, 6). TaKHM 06pa30M, MeXaHH3M aHOMaJIbHOro

CTapeHHR no IIIe6epcToBY [103] HOCHT .neceHCH6HJIH3aUHOHHbIH xapaKTep.

npoueccbI HOpMaJIbHOro CTapeHHR, C TOqKH 3peHHR npO)l;OJDKeHHoro

XHMH'IeCKoro C03peBaHHR, nepBOHa'laJIbHO npHBO,lJ;jfT K pOCTy CBeTO'lyaCTBH-

TeJIbHOCTH 3a C'IeT 06pa30BaHHR 60JIee 3cl>cl>eKTHBHb~ ueHTPOB CBeTO'IyacTBH-

TeJIbHOCTH, a 3aTeM B pe3yJlbTaTe YBeJlH'IeHHR '1HCJIa 3JIeKTPOHHbIX JIOByweK

B MHKpoKpHCTaJIJle AgHal H, KaK CJle)l;CTBHe, qHCJla ueHTPOB CKpbITOro H30-

6paxeHHR, a TaIOKe pOCTa ByaJIH, K na)J;eHHIO '1yBcTBHTeJIbHOCTH. nepepacTa-

HHe ueHTPOB cBeTo'lyBcTBHTeJlbHOCTH (Ag2S)n B ueHTPbl ByaJIH [(Ag2S)mAg+]

cOnpOBO)l{)J;aeTClI yaeJIH'IeHHeM ypOBHR ByaJIH.

npoueccbI np0)l;OJIXeHHoit cepHHcTOH H BOCCTaHOBHTeJlbHoit ceHCH6H-

JIH3aUHH MOryI' 6bITb BbIpaxeHbI B BH,lle paBHoBecHbIx peaKUHit [26, c. 133]:

kl
2AgHal + S2- ;=Ag2S + 2Hal- (110)

k2
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PRe. 137. 113MeHeHHe CBeTOqyBCTBHTeJIbHOCTH (8) H IUIOTHOCTH ByaJIH (Do) B npo-
ueceax HOpMaJIbHOro (a) H aHOMaJIbHOro (6) cTapeHIDI
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AgHal 06pa3yeTcH npOqHOe MaJIO.n;HCCOUHHpOBaHHOe coe.n;HHeHHe, B KOTOpOM

JIHraH.n; H Ag+ CBH3aHhi KOBaJIeHTHOH .n;aTHBHOH CBH3hlO. ECJIH npAgL 60JIhllIe

COOTBeTcTBylOlIlero npAgHaI. HMeeT MeCT~ cJIa60e HH,lJ;YKUHOHHOe B3aHMO.n;eM-

CTBHe, HocHlIlee a.n;COp6UHOHHhiH xapam;ep [26, c. 134].

KOMnJIeKCHhie coe.n;HHeHHH cepeepa 06pa3yeT )I(eJIaTHHa - OCHOBHOH

CBH3YlOlIlHH nOJIHMep q,OTOCJIOH. n03TOMY OHa caMa no ce6e 06JIa.n;aeT 3HaqH-

TeJIhHhIM cTa6HJIH3HPYlOlIlHM .n;eHCTBHeM, npH 3TOM 3q,q,eKTHBHOCTh .n;eHCTBHH

3aBHCHT OT copTa )I(eJIaTHHhI. HaJIHqHe B COCTaBe nOJIHnenTH.n;HhiX MaKpOMO-

JIeKYJI )I(eJIaTHHhI q,YHKUHOHaJIhHhiX rpynn, co.n;ep)l(alIlHX 3JIeKTPOHo.n;OHopHhIe

aTOM hI cephI, a30Ta H KHCJIOpo.n;a, cnoc06cTByeT 06pa30BaHHlO )I(eJIaTHHaTOB

cepe6pa. HaH60JIee aKTHBHOH B OTHOllIeHHH KOMnJIeKC006pa30BaHHH HBJIH-

eTCH HMH.n;a30JIhHaH rpynna rHCTH.n;HHa [26, c. 142].
. Ag+Cpe.n;H cTa6HJIH3aTOpOB, 06pa3ylOlIlHx TPy.n;HopacTBopHMhIe COJIH C ,

npe)l(,lJ;e BCero, He06xo.n;HMO OTMeTHTh reTepOUHKJIHqeCKHe coe.n;HHeHHH, co-

.n:ep)l(alIlHe MepKanTorpynny - SH. HH)I(e npHBe.n;eHhI CTPyKrypHhie q,OpMyJIhI

cTa6HJIH3aropoB npoH3BO.n:HhiX 6eH3THa30JIa, 6eH3HMH.n:a30JIa, 6eH30KCa30JIa,

6eH3TPHa30JIa H q,eHHJITeTPa30JIa, a TaK)l(e BeJIHqHHhi

pKnpAgL = -Ig npAgL, [1, c. 15]:

C.n:BHry paBHOBeCHH peaKUHH (Ill) BJIeBO. CYlIlecTBeHHYIO pOJIh B OKHCJIH-

TeJIhHhIX .n;eceHCH6HJIH3aUHOHHhIX npoueccax HrpalOT CneKTpaJIhHhIe ceHCH-

6HJIH3aTOphi 3JIeKTPOHoaKUenTopHoro THna, HanpHMep, HHq,paxpoMaTHqeC-

KHe C E~e2d > -1,0 B (OTH. H. K. 3.). nOTeplO CBeTOqYBCTBHTeJIhHOCTH no.n:

BJIHHHHeM TaKHX KpaCHTeJIeH 06'hHCHHIOT peaKUHeH Kp C 02 C 06pa30Ba-

HHeM .n:eceHCH6HJIH3aTOpOB [104], JIH60 .n;eceHCH6HJIH3HPYlOlIlHX KOMnJIeKCOB

C nepeHOCOM 3apMa [Kp· 02][105].

no aHaJIOrHH C npoueccaMH caMo.n:eceHCH6HJIH3aUHH KPaCHTeJIeH I THna

(CM. pa3.n:eJI CneKTPaJIhHOH CeHCH6HJIH3aUHH), B KOTOphIX 3JIeKTPoHoaKuen-

TOPHhiH KpaCHTeJIh CJIy)l(HT KaTaJIH3aTOpOM OKHCJIHTeJIhHhIX npoueCCOB C yqa-

CTHeM 02 H npOTOHOB, MO)I(HO nOJIaraTh, qTO H npH xpaHeHHH KpaCHTeJIh

yqaCTByeT B OKHCJIeHHH ueHTPOB qyBcTBHTeJIhHOCTH, oc06eHHO B yCJIOBHHX

nOBhIllIeHHOM BJIa)l(HOCTH H TeMneparyphI.

§ 3. CTa6HJ1H3aTOphi cl>oTorpacl>lflIecKHX CJIOeB
H npe,lJ,CTaBJIeHIDI 0 MexaHH3Me HX ,lJ,eiiCTBIUI

)lJIH YMeHhllIeHH$I CKOpOCTH CTapeHHH, npe)l(,lJ;e Bcero no MexaHH3MY HOp-

MaJIhHOro CTapeHHH, He06xo.n:HMO naCCHBHpOBaTh nOBepXHOCTh MHKPOKPH-

CTaJIJIOB AgHaI, Ha KOTOPOH npoHCXO,lJ;HT npoueCChI XHMHqeCKoro C03peBaHHH.

TaK KaK B 06pa30BaHHH ueHTpoB qYBCTBHTeJIhHOCTH H ueHTPOB ByaJIH yqacT-

BylOT HOHhi Ag+ (peaKUHH (110) H (111)), TO, eCTeCTBeHHO, qro B KaqeCTBe

cma6UAU3amop08 npHMeHHIOT BelIleCTBa, 06pa3YlOlIlHe C nOBepXHOCTHhIMH

HOHaMH Ag+ He.n:HCCOUHHpylOlIlHe HJIH MaJIO.n;HCCOUHHPYIOlIlHe COJIH HJIH

KOMnJIeKCHhIe coe.n:HHeHHH. B TeqeHHe nepBhIX nHTH.n:eCHTH JIeT CYlIleCTBO-

BaHHH q,OTOXHMHqeCKOH npOMhIllIJIeHHOCTH e.n;HHCTBeHHhiM cTa6HJIH3aropoM,

.n;06aBJIHBIlIHMCH B 3MYJIhCHH, 6hm paCTBOp KBr. BBe.n:eHHe 6pOMHCThIX COJIeH

nepe.n: nOJIHBOM 3MYJIhCHH n03BOJIHJIO npe.n:OTBpaTHTh YBeJIHqeHHe ByaJIH npH

xpaHeHHH, o.n:HaKO npH HeKOTopOM YMeHhllIeHHH CBeTOqYBCTBHTeJIhHOCTH.

,LJ;eMcTBHe KBr CBH3aHO CO CBH3hIBaHHeM H36hITOqHhiX HOHOB Ag+ B TPy.n:HO-

paCTBopHMylO COJIh.

BnOCJIe.n:CTBHH B KaqeCTBe cTa6HJIH3aTOpOB CTaJIH npHMeHHTh pa3HO-

06pa3HhIe OpraHHqeCKHe coe.n;HHeHHH, qTO BhI3BaJIO nOHBJIeHHe 0611IHPHOH

naTeHTHOM JIHTeparyphI [106]. XapaKTepHOH OC06eHl{OCThlO TaKHX, KaK npa-

BHJIO, reTepOUHKJIHqeCKHX coe.n:HHeHHH, HBJIHeTCH cnoc06HOCTh 06pa30BhIBaTh

MaJIO.n:HCCOUHHpylOlIlHe COJIH, JIH60 KOMnJIeKChI C HOHaMH Ag+. )lJIH KaTHOHOB

cepe6pa CBoHCTBeHHO BhICOKoe CpO.n;CTBOK 3JIeKTPOHo.n:OHOPHhIM aTOMaM ce-

phI, a30Ta H KHCJIOpo.n:a, npHqeM CPO.n;CTBO3TO B03paCTaeT B PH.n:y 0 < N < S,

T. e. B HanpaBJIeHHH YMeHhllIeHHH HX 3JIeKTPOOTPHuaTeJIhHOCTH. TaKHM 06pa-

30M, coe.n:HHeHHH, HMelOlIlHe B CBoeH cTPyKType 3JIeKTPOHo.n:OHopHhle aTOMhi

cephI, a30Ta H KHCJIOpo.n:a, 06pa3YlOT C cepe6pOM coe.n;HHeHHH C MaJIhIM npo-

H3Be.n:eHHeM paCTBopHMOCTH. ECJIH npOH3Be.n;eHHe paCTBopHMOCTH (npAgd

coe.n:HHeHHH cepe6pa C JIHraH,lJ;OM (L) MeHhllIe COOTBeTcTBylOlIlero npOH3Be-

.n:eHHH paCTBopHMOCTH AgHal (npAgHal), Ha nOBepXHOCTH MHKPOKpHCTaJIJIa

Ct~>-SH
(XLVII)

pKnpAgL = 15,7

Oc:H>-SH
(XLViII)

16,4

r-r-0 >-SH
~N

(XLIX)

18,0

N-N
/1 \

N rSH.
'~ (XLV)

Ph

HanOMHHM, qTO pKnpAgBr = 12,3, T.e Bce npHBe.n:eHHhIe coe.n;HHeHHH

06pa3YlOT 60JIee TPy.n:HopacTBopHMhIe COJIH, qeM AgBr. Tpy.n;HopacTBopHMYIO

COJIh C Ag+ 06pa3yeT H .n:pyroH cTa6HJIH3aTOp H aHTHByaJIeHT 6eH30TPHa30JI

(pKnpAgL = 13,4) [1, c. 15].
He06xo.n:HMO OTMeTHTh, qTO Bce BhIllienepeqHCJIeHHhIe cTa6HJIH3aTOphI

BJII1HIOT He TOJIhKO Ha ByaJIh q,OTOCJIoeB npl1 XpaHeHI1H, HO 11 Ha CBe-

TOqYBCTBI1TeJIhHOCTh, nOHH)I(aH ee. O.n;HaKO 113BeCTeH COBepllIeHHO OC06hIH

cTa611JII13aTOp - 4-rH,lJ;poKcl1-6-MeTI1JI-I,3,3a,7-TeTPaa3aI1H.n:eH (St-salz, CTa-

COJIh, (III)), KOTOphIH npaKTl1qeCKI1 He BJII1HeT Ha CBeTOqYBCTBI1TeJIhHOCTh,

a B HeKOTophiX CJIyqaHx (HanpHMep, Ha MeJIK03epHHCThIX KY6HqeCKHX AgBr-

3MYJIhCI1HX C S+AU-CeHCI16I1JII13aUl1eH) .n;a)I(e YBeJIHql1BaeT ee. 3TOT KJIaCC



cTa6HJIH3aTOpoB - Te'l'pa- H neHTaa3aHH,ll;eHOB - 6bIJI OTKPbIT B 1935 r.

EHPPOM [106] • .Llo HacToamero BpeMeHH CTa-COJIb aBJIHeTCH YHHBepCaJIbHbIM

cTa6HJIH3aTOpoM, HCnOJIb3yeMbIM npaKTHqeCKH BO Bcex <poTorpact)HqeCKHX

3MYJIbCHHX C S-ceHCH6HJIH3aUHeH . .LlJIH CTa-COJIH B03MO:lKHbI HeCKOJIbKO H30-

MepHbIX <pOpM, O,ll;HaKO, HaH60JIee 06OCHOBaHa CTPYKTYPHaH <popMYJIa (III, 6)
C Kap60HHJIbHbIM KHCJIOP0,ll;OM [107]:

OH lN-N N-NH'C-C')--) -.--- ),)
H3C I

6 Ha
B OTJIHqHe OT ,ll;Pyrnx cTa6HJIH3aTOpoB, ,ll;JIH CTa-COJIH npoH3Be,ll;eHHe paCTBO-

pHMOCTH cepe6pHHoH COJIH (pKnpAgX = 10,4) cymecTBeHHO 6oJIbwe, qeM ,ll;JIH

AgBr (pKnpAgBr = 12,3). n03TOMY MexaHH3M cTa6HJIH3HpYIOIuero ,ll;eHCTBHH

CTa-COJIH H .lI,pyrnx nOJIHa3aHH,ll;eHOB HHOH, T. e. He CBa3aHHbIH C KOMnJIeK-

COBaHHeM HOHOB Ag+ Ha nOBepXHOCTH MHKPOKPHCTaJIJIOB AgHal. EHPP,

YCTaHOBHBWHH cJIa6YIO Mcop6uHIO CTa-COJIHHa AgBr, CqHTaJI, qTO CTa-

COJIb B3aHMO,ll;eHCTByeT C XeJIaTHHaTaMH cepe6pa H TeM caMbIM npe,ll;OTBpa-

maeT np0,ll;OJIXaIOmYIQCH npH xpaHeHHH S-ceHCH6HJIH3aUHIO. BpeMH BHeCJIO

KOppeKTHBbI B 3TY TOqKY 3peHHH.

I'l3BecTHo, qTO BBe,ll;eHHe CTa-COJIH nOCJIe npOBe,ll;eHHH cepHHcToi!: H cep-

HHCTO-30JIOTOH) CeHCH6HJIH3aUHH npeKPamaeT npouecc XHMHqeCKoro ~03pe-

BaHHH 3MYJIbCHH. no COBpeMeHHbIM npe,ll;CTaBJIeHHHM TaKoe ,ll;eHCTBHe CTa-

COJIH 06YCJIOBJIeHO cneUH<pHqeCKOH Mcop6UHeH ee Ha Ag2S-ueH'l'pax [59].

B pe3YJIbTaTe Mcop6uHH CTa-COJIH 3a'l'py,ll;HHeTCH pOCT Ag2S-ueH'l'pOB, B TOM

qHCJIe nepepaCTaHHe HX B ueH'l'pbI ByaJIH npH xpaHeHHH. no ,ll;aHHbIM By-

,ll;a [101] TenJIOTa Mcop6UHH cta-COJIH Ha Ag2S-qaCTHUax Ha nopMOK BeJIH-

qHHbI 60JIbWe TenJIOTbI Mcop6uHH Ha AgBr.

B OCHOBe <pOTorpa<pHqeCKOrO ,ll;eHCTBHH CTa-COJIH JIeXHT onpe,ll;eJIeHHoe

npOC'l'paHCTBeHHoe pacnpe,ll;eJIeHHe 3apMOB, nO-BH,ll;HMOMY, COOTBeTCTBYIO-

mee pacnOJIOXeHHIO 3aPMOB Ha Ag2S-qaCTHUax. no MHeHHIO IllanHpo [59],

cneUH<pHQeCKaH Mcop6uHH CTa-COJIH Ha Ag2S-ueH'l'pax CBH3aHa C HaJIHqHeM

B ee C'l'pyKType 1,3-,ll;HnOJIHpHbIX <pparMeHTOB. Ha pHC. 138 npHBe,ll;eHa MOJIe-

KYJIHpHaH ,ll;HarpaMMa pacnpe,ll;eJIeHHH 1r-3JIeK'l'pOHHOH nJIOTHOCTH B MOJIeKYJIe

CTa-COJIH, paCCqHTaHHaH MeTO,ll;OM MOJIeKYJIHpHbIX Op6HTaJIeH B npH6JIHXe-

HHH XIOKKeJIH (MOX) [59]. B MOJIeKYJIe HMeeTCH xapaKTepHbIH 1,3-,ll;HnoJIb,

BbmeJIeHHbIH Ha cxeMe pHC. 138. nO,ll;06HbIe 1,3-,ll;HnoJIH HMeIOTCH H B ,ll;pymx

reTepOUHKJIHqeCKHX COe,ll;HHeHHHX, npOHBJIHIOIUHX cTa6HJIH3HpyIOIUee ,ll;eH-

CTBHe, HanpHMep, B nypHHOBbIX OCHOBaHHHX. Pacnpe,ll;eJIeHHe 1r-3aPMOBOH

nJIOTHOCTH B MOJIeKYJIe ryaHHHa nOKa3aHO Ha pHC. 138.

PaHee OTMeqaJIOCb, qTO nO,ll;06Hoe CTa-COJIH cynepceHCH6HJIH3HpYIOIUee

H aHTHByaJIHpyIOIUee ,ll;eHCTBHe OKa3bIBaIOT HeKOTopbIe THa- H CeJIeHaMOHOMe-

THHUHaHHHbI [59, 99], HanpHMep, KPacHTeJIb (XLVI). ComacHo MO-paCqeTaM
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THlIMOHOMeTHHUHaHHH

PHc.138. MOJIeKYJUIpHbIe llHarpllMMbI pacnpeJleJ1eHHH 1r-3neKTpoHHoA nJIOTHOCTH
B MOneKYnax CTa-COJIH, ryaHHHa H THaMOHOMeTHHUHaHHHa [59]

(pHC. 138) B MOJIeKYJIe THaMOHOMeTHHUHaHHHa HMeIOTCH ,ll;Ba 1,3-,ll;HnoJIH, BbI-

,ll;eJIeHHbIe Ha cxeMe pacnpe,ll;eJIeHHa 1l'-3apMOB.

06pamaeT Ha ce6a BHHMaHHe TOT <paKT, qTO HeKOTOpbIe reTepOUHKJIHqeC-

KHe coe,ll;HHeHHH, B TOM qHcne Te'l'paa3aHH,ll;eHbI (CTa-COJIb H ee npOH3BO,ll;HbIe)

H UHaHHHOBbIe KPaCHTeJIH, COBMeIUaIOT B ce6e <pyHKUHH cTa6HJIH3aTOpOB, aH-

THBYaJIeHTOB, a TaKXe MO,ll;H<pHKaTOPOB pOCTa MHKPOKPHCTaJIJIOB AgHal [12].

PaHee OTMeqaJIOCb, qTO no,ll; ,ll;eikTBHeM MO,ll;H<pHKaTOPOB pOCTa <pOPMHPYIOTCa

rpaHH AgHal C BbICOKHMH HH,ll;eKCaMH MHJIJIepa, TaK KaK ,ll;JIa HHX xapaKTepHa

cneUH<pHqeCKaH Mcop6uHH Ha rpaHHX C BbICOKHMH HH,ll;eKCaMH, 6JIaro,ll;apH

qeMy 3TH rpaHH «BbIXHBaIOT» B npouecce KPHCTaJIJIH3aUHH.

Ha nJIOCKOCTHX C BbICOKHMH'HH,ll;eKCaMH MHJIJIepa HMeeTCH 3HaQHTeJIbHO

60JIbWHH Ha60p MeXHOHHbIX paCCTOHHHH, qeM Ha 'l'pMHUHOHHbIX,OKTa3,ll;pH-

qeCKHx (111) H, oc06eHHo, KY6HqeCKHX (100) rpaHax. BCJIe,ll;CTBHe pa3Hoo6pa-

3HH paccTOHHHH B03pacTaeT BepoHTHoCTb COOTBeTCTBHH 3apMoB B MOJIeKYJIe

OpraHHqeCKoro coe,ll;HHeHHH 3apMaM Ha rtoBepXHocTH AgHal. BnOJIHe Bepo-

aTHO, qTO npH Mcop6uHH MO,ll;H<pHKaTOPOB pa60TaeT npHHUHn KOMnJIeMeH-

TapHocTH 3aPMOB, CTOJIb pacnpOC'l'paHeHHbIH B 6HOJIOrHH. HanpHMep, B Me-

xaHH3Me nepe,ll;aqH 3JIeK'l'pHqeCKoro HMnyJIbCa MeX,ll;y KJIeTKaMH c nOMoIUbIO

aueTHJIXOJIHHa (LI) C06JIIO,ll;aeTCH npHHUHn KOMnJIeMeH'rapHOCTH 3apMOB.



B auenmxoJUlHe JilMeJOTCSITPJiI 3apSl)!(eHHbIX ueHTPa - ,UBa nOnO)!(JilTenbHbIX
(N JiI C) JiI O,UJilHOTPJiluaTenbHbIlt (0), KOTOpbIe pacnOnaraJOTCSI no,U yrnaMJiI

rv 1200
• PaCCTOSlHJile Me)I(,Uy ueHTPaMJiI 4-5 A. AueTJilnXOnJilH BbI,UemleTCSI

C npeCJilHanTJiI'IeCKolt nOBepXHOCTJiI MeM6paHbI B IUenb, oT,UenSlJOIUYJO ee
OT nOCTCJilHanTJiI'IeCKolt nOBepXHOCTJiI. Ha nOCTCJilHanTJiI'IeCKolt nOBepXHOCTJiI
JilMeeTCSIXOnJilHOpeuenTOp C KOHTaKTHolt nnoIUa,UKolt, Ha KOTOPOlt HaxOJJ.S1TCSI

TPJiI 3apSiJJ.a no,U yrnaMJiI rv 1200 C paCCTOSlHJilSlMJiI4-5 A, O,UHaKO 3HaK 3apSiJJ.OB
npOTJilBOnOJIO)!(HbIlt - ,UBa 0TPJiluaTeJIbHbIX JiI O,UJilH nOJIO)!(JilTenbHbIlt. TIPJil
nepe,Ua'le HepBHoro JilMnYJIbCa OCYIUeCTBJISleTCSIKOMnJIeMeHTapHoe 3apSiJJ.OBoe
B3aJilMo,UeltcTBHe no TJilny «3aMOK-KJIJO'l».

TIO.,BJiI,UJilMOMY,3apSiJJ.OBOe COOTBeTCTBJileJIe)!(HT B OCHOBe KaK MOJJ.JiI<pJilKa-
UJilJil nOBepXHOCTJiI MJilKPOKPHCTaJIJIOB AgHal, TaK JiI cTa6Ji1JIJil3aUJilJil <pOTorpa-
<pJiI'IeCKHX 3MYJIbCJillt. B nepB01lll CJIyqae pe% JiI,UeT0 3apSiJJ.OBOMCOOTBeTCTBJiIJiI
Me)I(,Uy JilOHaMJiIAg+ JiI Har Ha nOBepXHOCTJiI MJilKPOKPJilCTaJIJIa AgHal JiI 1,3-
,UJilnOJISlMJiIB MOJIeKyJIe OpraHJiI'IeCKoro MO,UJiI<pJilKaTOpapOCTa, BO BTOpOM -
o 6JIH30CTH paCCTOSlHJillt Me)I(,Uy JilOHaMJiI B pemeTKe Ag2S-ueHTPa JiI 3apSiJJ.aMJiI
B 1,3-JJ.JilnoJISIX cTa6HJIJil3aTopOB.

PemeTKa HJil3KOTeMnepaTYPHolt MOJJ.JiI<pJilKaUHJiIAg2S OTHOCJilTCSIK HJil3-
KOCJilMMeTPJiI'IHOMY TJilny MOHOKJIJilHHOlt pemeTKH C BbICOKHMJiI HH,UeKCaMJiI
nOBepXHocTelt. CJIeJJ.OBaTeJIbHO, no,U06HO rpaHSIM AgHal C BbICOKJilMJiIJilH,UeK-
CaMJiI MHJlJIepa, nOBepXHOCTH Ag2S-ueHTPOB JilMeJOT 60JIbmyJO BepOSITHOCTb
3apSiJJ.OBoro COOTBeTCTBJilSI.llHnOJISIM OpraHJiI'IeCKoro BeIUeCTBa, '1eM TPa,UJilUJil-
OHHbIe rpaHH AgHal (100) H (111). 31'0, nO-BH,UJilMoMy, onpe,UenSieT cneUJil-
<PJiI'IHOCTb a,UCOp6UHJiI cta6HJIJil3aTOpOB Ha Ag2S-ueHTPax JiI JIe)!(JilT B oCfloae
CXO,UCTBacTPoeHJilSI cTa6H.ll~3aTOpoB JiIMO,UJiI<pJilKaTOPOBpOCTa AgHal. B03MO)!(-
HO, '1TO aHaJIOrJil'lHO aueTJilJIXOJIJilHY, pe'lb MO)!(eT JiI,llTJiIHe TOJIbKO 0 ,UJilnOJISlX,
a 0 60JIee CJIO)!(HbIX 3apSiJJ.OBbIX aHCaM6JISlX, HanpJilMep, 0 TPJilnOJISlX, T. e.
o CJilCTeMax 3apSiJJ.OB C .llByMSI O,UHHaKOBbIMJiI 3HaKaMJiI JiI. O,UHJilM npOTJilBO-
nOJIO)!(HhIM . .ueltcTBJilTeJIbHO, TPJilnOJIJiI JilMeJOTCSI B CTpyKTypax H CTa-COJIJiI
(1,3,3'), JiI TJilaMOHOMeTJilHUHaHHHa (1,3,1') (CM. pJilc.138). B TaKOM CJIyqae
pe'lh H,UeT 0 3apSiJJ.OBOMCOOTBeTCTBJiIJiITPJilnoJIelt OpraHJiI'IeCKoro COe.llHHeHHSI
TPHnOJISIM pemeTKJiI Ag2S.

A.ncop6uml cTa6Ji1nJil3aTOpOB, B TOM '1Ji1CJIeCTa-COJIJiI, 3aBH:CJilTOT pH. TaK
KaK 60JIbmJilHCTBO cTa6HJIH3aTOpoB S1BJISleTCSIKJilCJIOTaMH:, TO C nOBbImeHH-
eM pH 3MyJIbCHH: OHJiI nepeXO.llSiT B aHJilOHHYJO <pOpMy, a, CJIe,llOBaTeJIbHO,
cnoc06HoCTb CBSl3bIBaTb JilOHbI Ag+ B KOMnneKCbI TaK)l(e paCTeT. B OTJIJiI'IJile
OT ,llpyrnx cTa6HJIJil3aTOpOB CTa-COJIb He 3aMeMSIeT npouecc npOSlBJIeHHSI.. 3TO
CBSl3aHO C TeM, '1TO OHa ,Uecop6Ji1pyeTcSI C Ag- H Ag2S-ueHTPOB paCTBopaMH
npOSlBHTenelt, co,Uep)!(aIUJilMJiI 6pOMH,U- JiI cynb<pHT-HOHbI [1, c.402].

HHor,Ua B Ka'leCTBe cTa6Ji1JIJil3aTOpa npJilMeHSleTcSI TaK)l(e 6eH30JIcYJIb-
<pJilHOBOKHCJIbIlt HaTPJillt (C-COJIb) C6HsS02Na. EMY npHnJilCbIBaIOT cna6bIe
BOCCTaHOBJilTeJIbHbIe cBoltcTBa, npenSlTCTBYIOIUJile OKJilCJIJilTeJIbHbIM peaKUH-
S1MB CJIoe, npHBO,llSlIUHM K 06pa30BaHJilIO nepeKHCHbIX COe,llJilHeHHlt. )lpyrne
JilCnOJIb3yeMbIe aHTJilOKCJiI,UaHTbI - nJilp0KaTeXJilH, pe30pUJilH H Q-Ha<pTOJI.
KaK npaBJilJIO, B cOBpeMeHHbIx <poToMaTepHaJIax npHMeHSIIOT o,UHOBpeMeHHo
HeCKOJIbKO cTa6Ji1JIH3aTOpoB (,Uo 5-TH), ,UeltcTBJile KOTOPbIX MO)!(eT 6hITb a,U-
,UJilTJilBHbIMH caepxa.u.uJilTJilBHbIM. 3TO onpe,lleJISleTCSI pa3JIJiI'IHbIM MexaHJil3MOM
,UeltcTBJilSIcTa6HJIJil3aTOpOB Ha nOCJIe,UOBaTeJIbHbIX CTa,UJilSIXnpouecca CTapeHHSI.

BBe,UeHJile B TeXHOJIOrnIO Jil3rOTOBJIeHHSI 3MynbcJillt OpraHJiI'IeCKHX cTa6Ji1-
JIH3aTOpOB S1BJISleTCSIO,UHJilMJil3 KpynHeltmHx ,UoCTJiI)!(eHJillt <poTOrpa<pH'IeCKolt
XHMHJiI. TI03TOMY pa60TaM no CJilHTe3Y HOBbIX cTa6Ji1nJil3aTOpOB ,UO CHX nop
y,lleJISleTCSI 3Ha'lHTenbHOe BHJilMaHJile.



:QBeTHbIe 4loTOrpa4llf1leCKHe npOo;eCCbI

§ 1. npe,ZJ;cTaBJleHHB 0 TeopHH
TpeXKOMDOHeHTHoro nBeTHoro 3peHHB.
OCHOBHbIe H ,ZJ;ODOJlHHTeJlbHbIenBeTa

BTOPoe po)l(,lleHHe <pOTOrpa<pHR nOJIytlHJIa nOCJIe pa3pa60TICH UBeTo<PO-

Torpa<pHqeCKOrO npouecca. B qepHo-6eJIOH <pOTorpa<pHH BocnpoH3BOAATCR

TOqHO JIHWb <pOPMbI npe,nMeTOB H nepe,naIOTCR pa3JIHqHR ,neTaJIeH no CBe-

TJIOTe (6eJIbIH, cepbIH, qepHbIH). B UBeTHOH<pOTorpa<pHH BOCnpOH3BOAATCR

,nonOJIHHTeJIbHO Pa3JIHqHR B UBeTe, 6JIaro,napR qeMy H306pIDKeHHe TOqHee

COOTBeTCTByeT 06'beKTY C'beMKH, T. e. RBJIReTCR 60JIee HH<popMaTHBHbIM.

IJ;BeT npe,nMeTOB, KOTopbIe OKP}')IGlIOT Hac, 3aBHCHT OT CTeneHH nOrJIO-

lIleHHR H otpIDKeHHR nOBepXHOCTbIO npe,nMeTa H3JIytleHHH Pa3JIHqHbIX ,LlJIHH

BOJIH BH,LlHMOro CBeTa. qeJIOBeqeCKHH rJIa3 BocnpHHHMaeT 3JIeKTPOMamHTHoe

H3JIytleHHe B HHTepBaJIe ,LlJIHH BOJIH rv 400-700 HM. IlocJIe,noBaTeJIbHocTb

pa3JIHqaeMbIX UBeTOB B HanpaBJIeHHH OT ,LlJIHHHOBOJIHOBOro K KOpOTKOBOJI-

HoBoMy H3JIytleHHIO BocnpOH3Bo,nHTCR MHeMOHHqeCKHM npaBHJIOM: «!(aJK,llbIH

OXOTHHK )l(eJIaeT 3HaTb, f,ne CH,LlHT <l>a3aH», T. e. UBeTa paCnOJIaraIOTCR B CJIe-

.nyIOIIleH nOCJIe,nOBaTeJIbHOCTH - KPaCHbIH, opamKeBbIH, )KeJITbIH, 3eJIeHbIH,

rOJIy60H, CHHHit H <pHOJIeTOBbIH. 3T0 HJUIIOcrpHpyeTcR pHC. 139 (UB. BKJIa,LlKa).

IJ;BeTa 06061IleHHO 06'be,nHHRIOTCR B rpH 30HbI BH,nHMOro cneKTPa - CHHIOIO

(400-500 HM), 3eJIeHyIO (500-600 HM) H KPacHyIO (600-700 HM). IlOrJIOlIleHH-

eM H orpIDKeHHeM cneKTPaJIbHbIX UBeTOB onpe,neJIReTCR OKpaCKa npe,nMeTOB.

IloBepXHocTb KPaCHoro UBeTa norJIOlIlaeT CHHHe H 3eJIeHbIe JIytlH, a orpa-

xaeT KPaCHbIe; 3eJIeHaR nOBepXHOCTb norJIOlIlaeT CHHHe H KPaCHbIe JIytlH,

a orpIDKaeT 3eJIeHbIe H T.,n. B CJIytlae np03paQHbIX npe,nMeTOB OHH OKPaUIH-

BaIOTCR JIytlaMH, npowe,nWHMH CKB03b npe,nMeTbI. Ilpe,nMeTbI qepHoro UBeTa

nOrJIOlIlaIOT JIytlH Bcero BH,LlHMOro cneKrpa H, Ha060poT, 6eJIbIe npe,nMeTbI

o'IpIDKaIOT Bce JIytlH. EJIaro,napR MHoro06pa3HIO CMeweHHR Pa3JIHQHbIX ,LlJIHH

BOJIH BH,nHMoro cneKTPa B03HHKaeT H3BeCTHoe 60raTcTBo UBeTOBbIX TOHOB,

BocnpHHHMaeMbIx rJIa30M. I1x OKOJIO ,nByx MHJIJIHOHOB.

I1caaK HbIOTOH, pa3JIO)KHBWHH C nOMOlIlbIO CTeKJIRHHoit npH3MbI 6eJIbIH

CBeT Ha COCTaBJIRIOIIlHe UBeTa, nOJIaraJI, QTO MHoro06pa3He UBeTOB, CYlIle-

cTByIOlIlee B npHpo,ne, MO)KHO nOJIytlHTb 3a CQeT CMeweHHR ceMH UBeTOB:

KPaCHoro, OpaH)KeBoro, )KeJIToro, 3eJIeHoro, rOJIy60ro, cHHero H <pHOJIeTOBO-

roo O,nHaKO T.IOHr (1807), nx.-K. MaKCBeJIJI (1865) H X. feJIbMroJIbU (1867)

nOKa3aJIH, QTO UBeT JII060ro 06'beKTa MO)KeT 6bITb BocnpOH3Be,neH COQeTaHHeM

Bcero rpex, TaK Ha3bIBaeMblX OCH08HbIX UBeTOB cneKTPa. TaKHMH OCHOBHbIMH

HJIH nep8U"tHblMU UBeTaMH RBJIRIOTCR CUHUU, 3eJleHbiU H KpaCHblU (pHC. 139). Ta-

Koe «ynpolIleHHe» UBeTOBocnpHRTHSI CBR3aHO co crpoeHHeM <poTopeuenTopoB

rJIa3a. IJ;BeT BocnpHHHMaeTcR C nOMOlIlbIO KOJI60QeK B CerqaTKe rJIa3a, KOTO-

pbIe no cneKTPaJIbHOH QYBCTBHTeJIbHOCTH ,neJISITCSIHa rpH rpynnbI: CHHeQyB-

CTBHTeJIbHbIe (C), 3eJIeHOQyacTBHTeJIbHble (3) H KpaCHOQYBcTBHTeJIbHbIe (K).
Ha caMOM ,neJIe 3TO pa3rpaHHQeHHe HeCKOJIbKO yCJIOBHO, TaK KaK KaJK,llbIH

BH,Ll KOJI60QeK HMeeT WHpOKHe 06JIaCTH CneKTPaJIbHOH qyBcTBHTeJIbHOCTH,

nepeKPbIBaIOIIlHecR ,npyr ,npyrOM, KaK 3TO nOKa3aHO Ha pHC. 140. HecMotpSI

Ha 3TO KOJI60QKH, Y KOTOpbIX HaH60JIbWaR OTHOCHTeJIbHaR qYBcTBHTeJIbHOCTb

(430-440 HM) COOTBeTcTByeT KOPOTKHM ,LlJIHHaM BOJIH, Ha3bIBaIOTCR CHHH-

MH (C), KOJl60QKH, HMeIOIIlHe MaKCHMYM B cpe,nHeH 06JIaCTH ,LlJIHH BOJIH

(rv 550 HM) - 3eJIeHbIMH (3) H KOJI60QKH C MaKcHMyMOM npH 60JIbWHX

,LlJIHHax BOJIH (rv 580-600 HM) - KPaCHbIMH (K). CHHHe KOJI60QKH HMeIOT

QyBcTBHTeJIbHOCTb, COCTaBJIjlIOIIlY!O npH6JIH3HTeJIbHO 10 % OT QyBCTBHTeJIb-

HOCTH 3eJIeHbIX H KPaCHbIX KOJI60QeK. Ha pHc.141 nOKa3aHa HHTerpaJIbHaR

cneKTPaJIbHaR qyBCTBHTeJIbHOCTb rJIa3a, KOTOpaR HMeeT MaKcHMyM B 3eJIeHOH

06JIaCTH cneKTPa (rv 560 HM) [108].
BOCnpHRTHe KPaCHoro UBeTa B03HHKaeT npH ,neitcTBHH Ha UBeTOOIIlYlIlaIO-

IIlHe 3JIeMeHTbI rJIa3a CMeCH JIytleH C ,LlJIHHOH BOJIHbI OT 600,n0 700 HM, 3eJIeHO-

ro - OT 500 ,no 600 HM H cHHero - OT 400 ,no 500 HM. BocnpHSITHe KPacHoro,

3eJIeHoro H cHHero UBeTOB B03HHKaeT Tal{)Ke no,n B03,neitCTBHeM 3JIeMeHTap-

HbIX H3JIytleHHH C ,LlJIHHaMH BOJIH COOTBeTCTBeHHO 650, 550 H 450 HM. IlpH
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PRe. 140. CrreKTpaJlbHlUI qYBCTBHTeJIbHOCTb rrHI'MeHTOB Tpex BH,llOB KOJI6oqeK

[108, c. 171]
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CMemeHHH CBeTOBbIX nOTOKOB TPex OCHOBHbIX UBeroB B paBHbIx nponopUHSlx

06pa3yeTcSI 6eJIbIH CBeT (pHC. 142 (UB. BKJIMKa)), a npH CMemeHHH nOTOKOB

pa3JIHqHOH HHTeHCHBHOCTH Bce B03MOlKHbIe OTTeHKH UBeTa.

B 60JIbmHHCTBe cnyqaeB AllSi .n;aHHoro cneKl'paJIbHoro UBeTa cYIUecTByeT

TaKOH BTOPOH UBeT, .n;06aBJIeHHe KOTOporo K nepBOMY npHBo.n;HT K 06pa-

30BaHHIO 6eJIoro UBeTa. TaKHe napbI UBeTOB Ha3bIBaIOT oonOAHUmeJlbHblMu.
K OCHOBHbIM UBeTaM .n;onOJIHHTeJIbHbIMH Sl:BJISlIOTCSI::K cHHeMy - JlCeJlmblU,
K 3eJIeHoMy - nypnypHblu, K lCpaCHoMy - zOAy6ou. <1>H3HqeCKaSI: CYIUHOCTb

3TOro Sl:BJIeHHSI:3aKJIIOqaeTCSI: B TOM, qTO .n;onOJIHHTeJIbHbIH (.n;o 6eJIoro UBeTa)

UBeT BKJIIOqaeT B ce6S1: He.n;OCTaIOIUHe 2/3 cneKl'paJIbHoro .n;Hana30Ha BH-

.n;HMOro CBeTa, .n;onOJIHSlIOIUHe 1/3 OCHOBHOro UBeTa .n;o nOJIHoro cneKl'pa

(CM. pHC. 139). TaKHM 06pa30M, :JKeJITbIH UBeT, .n;onOJIHHTeJIbHbIH K cHHeMy,

nOJIyqaeTcSI: CMemeHHeM 3eJIeHoro H lCpacHoro; nypnypHbIH UBeT, .n;onOJIHH-

TeJIbHbIH K 3eJIeHoMy, CJIO:JKeHHeM cHHero H lCpaCHoro, a roJIy60H, .n;onOJIHH-

TeJIbHbIH K KpacHoMy, HaJIO:JKeHHeM CHHero H 3eJIeHoro. llPH CMemeHHH TPex

KpaCOqHbIX cpe.n; .n;onOJIHHTeJIbHbIX UBeTOB, 06pa3YIOTcSI qepHbIe HJIH cepbIe

UBeTa (pHC. 144 (UB. BKJIMKa)).

Bce BCTPeqalOIUHeCSI B npHpo.n;e UBeTa npHHSl:TO .n;eJIHTb Ha xpOMamU'1eCKUe
(uBeTHbIe) H axpoMamU'1eCKUe (6ecUBeTHbIe, OT 6eJIoro .n;o qepHoro). OCHOB-

HbIMH xapaKTepHCTHKaMH xpOMaTHqeCKOrO UBeTa SlBJISl:IOTCSI1I,8em080u mOH,
HaCblUJ,eHHocmb H C8errlJlOma. lJ,BeToBoH TOH - OCHOBHaSl: xapaKTepHCTHKa,

onpe.n;eJISl:IOIUaSI KaqeCTBeHHoe OTJIHqHe O.n;HOro UBeTa OT .n;pyroro. K UBeTaM

pa3JIHqHbIX UBeTOBbIX TOHOB OTHOCSlTCSI CHHHH, 3eJIeHbIH, KpacHbIH, :JKeJITbIH

H Bce .n;pyme UBeTa cneKl'pa. HacbIIUeHHocTb UBeTa xapaKTepH3yeT CTeneHb

ero OTJIHqHSI OT ceporo. CBeTJIOTa eCTb Mepa OTHOCHTeJIbHOH SlpKOCTH UBeTa.

HacbIlUeHHocTb UBeTOB B cneKTPe H3JlyqeHHSI npHHHMaeTCSI: 3a 100 %. ECJIH

HaCbIlUeHHOCTb paBHa 30 %, TO 3TO 3HaqHT, qro B COCTaB UBeTa BXO.n;HT 30 %
qH~TOro cneKTPaJIbHoro H 70 % 6eJIoro UBeTa. OHa 3aBHCHT OT K03<P<PHUHeHTa

0TPaxeHHSI: CBeTa nOBepXHOCTbIO TeJIa. llo CBeTJIOTe MO:JKHO CpaBHHBaTb KaK

xpOMaTHqeCKHe, TaK H axpOMaTHqeCKHe UBeTa.

llpe:JK.n;e Bcero B03HHKaeT Bonpoc, KaK C nOMOIUbIO <pOTorpa<pHqeCKOrO

MeTo.n;a MO:JKHO nepe.n;aTb Bce MHoroo6pa3He UBeTOBbIX TOHOB? B <pororpa-

<pHH CYIUecTByIOT .n;Ba MeTo.n;a nOJIyqeHHSI: UBeTHoro H306paxeHHSI: aooumU8-
HblU (additio - CJIO:JKeHHe) H cy6mpaKmU8HblU (subtrahere - BblqHTaHHe).

06pa30BaHHe UBeTOB nYTeM CJIO:JKeHHSI H3JlyqeHHH Ha3bIBaeTCSI a.n:JJ:HTHBHbIM

CHHTe30M UBeTa. CxeMa 06pa30BaHHSI: UBeTOB npH CJIO:JKeHHH H3JlyqeHHH no-

Ka3aHa Ha pHC. 142. llpoeUHpyeMbIe Ha 31CpaH TPeMSI: npOeKTOpaMH KpaCHbIH,

3eJIeHbIH H CHHHH nOTOKH, 06Pa3YIOT Ha yqacTKaX B3aHMHoro nepeKpbITHSI

HOBbIe UBeTa. llpoueccy a.n:JJ:HTHBHOro CJIO:JKeHHSI: UBeTa, pa3pa60TaHHOMY

):(:JK.-K. MaKCBeJIJIOM (1861), B <poTorpa<pHqeCKOM npouecce npe.n;mecTByeT

CTMHSI: 1I,8emoiJeJleHUJI. B npouecce UBeTo.n;eJIHTeJIbHOH C'beMKH Ha 06bIqHYlO

qepHo-6eJIYIO nJIeHKY UBeTHoH 06'beKT C nOMoIUbIO 30HaJIbHbIX cBeTo<PHJIb-

TPOB - cHHero, 3eJIeHoro H lCpaCHoro - .n;eJIHTCSI:Ha TPH OT.n;eJIbHbIX H30-

6paxeHHSI:, B KOTOPbIX co.n;ep:JKHTCSI:CHHSl:SI, 3eJIeHaSI H KpaCHaSI HH<popMaUHSI,

COOTBeTCTBeHHO (pHC. 143 (UB. BKJIMKa)). llonyqaIOT TPH qepHo-6eJIbIX UBeTO-

.n;eJIeHHbIX HeraTHBa, a 3aTeM C HHX UBero.n;eJIeHHbIe qepHo-6eJIbIe n03HTHBHbIe

H306paxeHHSI:. MO:JKHO cpa3Y Ha n03HTHBHbIX <pOToMarepHaJIax nOJIyqHTb UBe-

To.n;eJIeHHbIe n03HTHBbI. ):(aJIee CBeT OT TPex HcroqHHKOB npoxo.n;HT qepe3 COOT-

BeTcTByIOIUHe cBeTo<pHJIbTPbI H UBero.n;eJIeHHbIe n03HTHBbI. 06pa30BaBmHecSI:

TPH UBeTHbIX H306paxeHHSI: npoeKTHpYIOTCSI: Ha 31CpaH H CKJIMbIBaIOTCSI: Ha HeM

B a.n:JJ:HTHBHOM CHHTe3e (pHc.143). B pe3YJIbTare HaJIO:JKeHHSI: .n;pyr Ha .n;pyra

.n;Byx CBeTOBbIX nOTOKOB 06pa3YIOTcSI: B 3aBHCHMOCTH OT HHTeHCHBHOCTH no-

TOKOB .n;onOJIHHTeJIbHbIe UBeTa pa3JIHqHbIX UBeTOBbIX OTTeHKOB:

)l(eJITbIH

llypnypHbIH

fOJIy60H

3eJIeHbIH

CHHHH

CHHHH

+ KpacHbIH

+ KpacHbIH

+ 3eJIeHbIH

llpH HaJIO:JKeHHH .n;pyr Ha .n;pyra TPex CBeTOBbIX nOTOKOB, OKpameH-

HbIX B CHHHH, 3eJIeHbIH H KpaCHbIH UBeTa, nOJIyqaeTcSI 6eJIbIH UBeT. CJIe-

.n;yeT OTMeTHTb, qTO a.n:JJ:HTHBHbIH MeTO.n; UBeTHoH <pOTorpa<pHH He HameJI

mHpOKoro npHMeHeHHSI: BCJIe.n;CTBHe TeXHHqeCKHX CJIO:JKHOCTeH npH ero pe-

aJIH3aUHH. HeKOTopoe pa3BHTHe OH nOJIyqHJI B pa3JIHqHbIX MO.n;H<pHKaUHSlX

paCTPOBbIX MeTo.n;OB UBeTHOH <pOTorpa<pHH, B KOTOpbIX paCTPOBbIe CBeTo<PHJIb-

TpbI, He06xo.n;HMbIe AllSi UBeTo.n;eJIeHHSI: H cHHTe3a UBeTa, HaHOCSl:TCSI Ha caM

<pOTOCJIOH.

llporpecc B UBeTHOH <pororpa<pHH CBSl:3aH C npHMeHeHHeM cy6TpaKTHB-

HOH CHCTeMbI CHHTe3a UBeTa, BnepBbIe pa3pa60TaHHOH JI.):( . .n;IO OpOHOM

(1867). Cy6TPaKTHBHbIH CHHTe3 UBeTOB OCHOBaH Ha BblqHTaHHH H3 nyqKa

6eJIoro UBeTa OT.n;eJIbHbIX qaCTeH CBeToBoro nOTOKa npH npOxO:JK.n;eHHH HM



<pOTorpa<tmqeCKOrO u306pCDKeH1HI, COcTOSllllerO U3 KPacuTeJIeif TOro UJIU UHO-

ro UBeTa. )KeJIThIH UBeT nOJIyqaeTcSI 3a CqeT BbIqUTaHUSI U3 6eJIoro CBeTOBOrO

nOTOKa CUHUX JIyqeH. Il03TOMy ero Ha3blBaIOT MUHyC CUHUH. IlypnypHhIH

U rOJIy60H UBeTa - 3a CqeT BblqUTaHUSI 3eJIeHbIX (MUHYC 3eJIeHhIif) U KPaCHblX

(MUHYC KPaCHhIif) JIyqeif, COOTBeTCTBeHHO.

)KeJITblif = EeJIbIH CUHuif

IlypnypHhIH = EeJIblif 3eJIeHblif

fOJIy60if EeJIhIH KpaCHhIif

IlpUHuun 06pa30BaHUSI OCHOBHhIX UBeTOB cy6TPaKTUBHhIM cnoc060M

BblqUTaHUSI ,nByX ,npyrnx npu UCnOJIb30BaHUU 2-x CBeTO<pUJIbTPOB ,nonOJIHU-

TeJIbHoro UBeTa nOSlCHSleTCSI pUC. 144. B npoeKTop yCTaHOBJIeHhI TPU KPYrJIhIX

cBeTocPUJIbTPa ()KeJITbIH, nypnypHblH U roJIy60if). Ha yqaCTKax ux B3aUMHO-

ro nepeKPblBaHUSI 06pa3YIOTcSI OCHOBHble UBeTa. HanpuMep, npu CJIO)KeHUU

)KeJITOrO U roJIy60ro 06pa3yeTcSI 3eJIeHbIif UBeT. 3T0 npOUCXOWfT BCJIe,nCTBue

TOro, qTO ,nonOJIHUTeJIbHbIH K cUHeMy )KeJITbIH CBeTo$UJIbTP BbIqHTaeT (3a-

,nep:lKHBaeT) U3 6eJIoro CBeTOBOrO nOTOKa CUHue JIyqH U nponyCKaeT KPaCHhIe

U 3eJIeHbIe. B CBOIO Oqepe,nb roJIy60H CBeTocPUJIbTP BbIqUTaeT U3 6eJIoro CBeTa

KPaCHbIH UBeT H nponyCKaeT CUHue U 3eJIeHhIe JIyqU. Ilpu HaJIO)KeHUU CBe-

T0<pHJIbTPOB ,npyr Ha .npyra OHU nOrJIOTSlT TaKHM 06Pa30M CUHue H KPaCHbie

JIyqu U nponYCTSlT JIUWb 3eJIeHbIif CBeT.

06pa30BaHUe UBeTOB HarJISI.llHO UJIJIIOCTPupyeTcSI C nOMOlllbIO TaK Ha-

3bIBaeMoro UBeTOBOro TPeyroJIbHUKa (puc.145 (UB. BKJIa.nKa)). YrJIhI TaKoro

TPeyroJIbHUKa 0603HaqaIOT TPeMSI OCHOBHbIMU, a CTOpoHbI TPeMSI.nonOJI-

HUTeJIbHhIMU UBeTaMU. Ilo UBeToBoMy TPeyroJIbHUKY MO:lKHO npOCJIe,nHTb,

KaK npu CJIO)KeHHU U3JIyqeHuH .nByx OCHOBHhIX UBeTOB (.nBa yrJIa TPeyroJIb-

HUKa) nOJIyqaeTcSI ,nonOJIHHTeJIbHbIif UBeT (cTopoHa Me:lK.llY 3THMH YrJIaMH).

OCHoBHbIe UBeTa B cy6TPaKTUBHOM CUHTe3e nOJIyqaIOTCSI npu UCnOJIb30BaHHU

KOM6uHauuH .nByx 30HHblX cBeTocPUJIbTPOB, KOTOpbIe He06xo.nuMO nOCTaBUTb

Ha nYTU 6eJIoro CBeTOBoro nOTOKa:

)KeJITbIH +
)KeJITbIH +
fOJIy60H +
)KeJITbIH +

3eJIeHhIif

KpacHhIif

CUHuif

fOJIy60if = qepHbIH

[OJIy60H =
IlypnypHhIH

IlypnypHbIH =
IlypnypHblif +

C nOMOlllbIO TpeyroJIbHUKa UBeTOB MO:lKHO YBU.lleTb, KaK 06pa3YIOTcSI

UBeTa npu BbIqUTaHUU OCHOBHbIX U ,nonOJIHUTeJIbHhIX UBeTOB:

)KeJIThIH

[OJIy60H

KpaCHbIH =
3eJIeHhIH

3eJIeHblif

CUHUH U T• .n.

§ 3. nBeToclloTorpacllHqecKHe npoueCCbl
Ha MHOrOCJIOHHbIXMaTepHaJIax. 06maB cxeMa
UBeToclloTorpacllHqecKoro npouecca.
HeraTHBHo- n03HTHBHblH npouecc

Cy6TPaKTUBHbIH cnoc06 06pa30BaHUSI UBeTOB nOJIO)KeH B OCHOBy co-

BpeMeHHOH UBeTHOi{ <pOTorpa<pUU Ha MHOZOC/lOUHlnX UBeTo<poTOrpa<pUqec-

KHX MaTepUaJIax. qacTUqHbIe u306pCDKeHUSI (cBeTO<pUJIbTPbl), 06pa30BaHHbIe

U3 )KeJITbIX, nypnypHhIX U rOJIy6bIX KpaCUTeJIeif, <POPMUPYIOTCSI B OT.neJIb-

HbIX CJIon <pOTOMaTepUaJIa H cy6TPaKTUBHhIH CUHTe3 uBeTa npoucxo.nUT npu

npOXO:lK.lleHUU 6eJIoro CBeTa qepe3 TPU qaCTUqHO 0KPaweHHbiX u306pCDKeHHSI

<pOTOMaTepUaJIa. 3T0 UJIJIIOCTPupyeTcSI pUC. 146 (UB. BKJIa.nKa).

PaCCMOTPHM npUHUHnHaJIbHyIO cxeMy UBeTocPoTorpa<pUqeCKoro npouec-

ca. HaqHeM C npouecca nOJIyqeHuSI HeraTHBHoro UBeTHOro u306pCDKeHuSI.

06pa30BaHUe uBeTHoro <poTOrpaqmqeCKoro u306pax<:eHuSI HaqHHaeTCSI C pa3-

.neJIbHoi{ pernCTPauuu cUHeH, 3eJIeHOH H KPaCHOH COCTaBJISlIOlllUX U3JIyqeHuH,

0TPCDKeHHhIX 06'beKTOM C'beMKH (CTa.nUSI UBeTO,neJIeHuSI). 3T0 npoucxo,nUT

B TPex pa3.lleJIbHbIX ClIon nJIeHKH, nOrJIOlllaIOlllUx COOTBeTcTByIOlllee U3JIyqe-

Hue. POJIb CBeTocPUJIbTPOB urpaIOT cneKTPaJIbHhIe ceHcu6UJIU3aTopbI. 06bIqHO

(puc. 147 (UB. BKJIa.nKa)) CBepxy pacnOJIO)KeH CJIoif, pernCTPUpYIOlllUif TOJIbKO

CUHUi{ CBeT. TaK KaKAgBr(I)-3MYJIbCUU nOrJIOlllaIOT CUHUH CBeT, TO OHH MOfYT

npUMeHSlTbCJI 003 cneKTPa,JIbHoi{ ceHcu6UJIH3aUUH; AgC1-3MYJIbCUH ceHCH6u-

JIU3UPYIOTCJI K CHHeMY CBeTY. ,llJuI nOrJIOllleHU$I CUHero CBeT~ ,KOTOPbIif MO)KeT

3aCBeqUBaTb HH:lKeJIe:lKaIllHH CJIOH, HapyWaH TeM caMbIM UBeTo.neJIeHUe, no,n

BepXHUM 3MYJIbCUOHHhIM CJIOeM pacnOJIaraIOT )KeJITbIH <pUJIbTPOBbIif ClIOH.

BTOPOH 3MYJIbCHOHHhIif CJIOH cneKTPaJIbHO ceHcu6UJIU3upyeTcJI K 3eJIeHoMy

CBeTY, a HU:lKHUH, TPeTUH 3MYJIbCUOHHbIH CJIoif, K KPaCHoMy. Ha pHc.148

nOKa3aHa TUnHqHaH cneKTPaJIbHaH qYBCTBUTeJIbHOCTb TPex CJIOeB HeraTUB-

Hoif llJIeHKU.

ECJIU 06'beKT co.nep:lKHT CUHue, 3eJIeHbIe U KpaCHbIe JIyqu, CUHUH CBeT B03-

.neHcTByeT JIUWb Ha BepXHUH CBeTOqYBCTBUTeJIbHblH CJIoif, TaK KaK He MO)KeT

npoifTH CKB03b )KeJITbIH <pUJIbTPOBbIif CJIOH. 3eJIeHbIH CBeT He .neHcTByeT Ha CU-

HeqYBCTBUTeJIbHhIif CJIOH, cneKTPaJIbHO HeceHCu6uJIU3HpOBaHHbIif K 3eJIeHoMy

UBeTY, U CKpbITOe u306pCDKeHue B03HUKaeT JIHWb B 3eJIeHOqYBCTBUTeJIbHOM

CJIoe. KpaCHhIif CBeT He .neifcTByeT Ha 06a BhIWeJIe:lKalllUX CJIOJl, HO 06pa3yeT

CM B HU:lKHeM KPaCHoqyBcTBUTeJIbHOM CJIoe (pUc. 147).

B OCHOBe uBeToo6pa30BaHUSI JIe)KUT TaK Ha3bIBaeMoe 1I,8emHOe npOJl8J1eHUe,

KOTOpoe 3aKJIIOqaeTCSI B 06pa30BaHuu KPaCUTeml npu peaKUUU OKHCJIeHHOH

<POPMbI npOSlBJISlIOlllero BeweCTBa (Ox) C 6eCUBeTHOH UBeTo06pa3YIOllleH

KOMnOHeHToif (IJ;OK). B BepXHeM CJIoe HaxO,nUTCSI )KeJITaH IJ;OK, U3 KO-

TOpOH nOJIyqaeTcJI B MeCTax 3aCBeTKU )KeJITbIH KpaCUTeJIb. TaKHM 06pa30M

B03HUKaeT <pUJIbTP, nponYCKaIOlUUH CBeT, ,nonOJIHUTeJIbHbIH no OTHoweHUIO

K B03,neifcTBYIOllleMY (MUHYC CUHUH). Bo BTOpOM, 3eJIeHOqYBCTBHTeJIbHOM



cnoe H3 nypnypHoit KOMnOHeHTbI 06pa3yeTc5I nypnypHbIM (MHHYC 3eneHbIM)
KPaCHTenb H, HaKOHeu, B TPeTbeM, KPaCHOqYBCTBHTenbHOM cnoe H3 rony-
60M KOMnOHeHTbI B03HHKaeT rony60M (MHHYC KPaCHbIM) KPaCHTenb. Cepe6po
qepHo-6enoro H306pax<eHH5I OKHCn5leTC5I (oT6enHBaeTC5I). Cy6TPaKTHBHbIM
CHHTe3 UBeTa B UBeTHOM HeraTHBe nOKa3aH Ha TOM )I(e pHC. 147. IlonyqaeTC5I
HeraTHBHoe UBeTHoe H306pax<eHHe.

<l>H3HqeCKa5IcymHocTb rrpouecca COCTOHTB TOM, qTO B CHHeqYBCTBHrenb-
HOM cnoe 06pMyeTc5I KPaCHTenb ()I(enTblit), Mo~ynHpYIOmHM rrporryCKaHHe
CHHero CBeTa B COOTBeTCTBHHC HHTeHCHBHOCTbIO rra.n;aIOmero CHHero CBe-
Ta. COOTBeTCTBeHHO B 3eneHOqYBCTBHTenbHOM cnoe KPaCHTenb (rryprrypHbIM)
Mo~ynHpyeT rrporrycKaHHe 3eneHbIX nyqeM, a B KPaCHOqYBCTBHTenbHOM cnoe
rony60M KPaCHTenb Mo~nHpyeT rrOTOK KPaCHoro H3nyqeHH5I. IlpH rrocne~y-
IOmeM rrpoeUHpoBaHHH HeraTHBHoro H306pax<eHH5I 6enbIM CBeTOM Ha rr03H-
THBHyIO rrneHKY aHanOmqHoro CTPoeHHH 06pa3yeTcH UBeTHoe rr03HTHBHoe
H:s>6pax<eHHe, rrepe~aIOmee UBeTa H HHTeHcHBHOCTH H3nyqeHHM 06'beKTa
C'beMKH (pHc.149 (UB. BKna.n;Ka)). )l(enTbIM KPaCHTenb HeraTHBHoro H306pa-
)I(eHHH Mo~ynHpyeT CHHHM UBeT, rrpoxo~HmHM OT HCTOqHHKa CBeTa Ha rro-
3HTHBHblM cnOM: qeM 60nbIIle rrnOTHOCTb )KenToro KPaCHTenH, reM MeHbIIle
cHHero CBeTa rrorra.n;aeT Ha rr03HTHBHYIO rrneHKY. B pe3ynbTaTe :noro B Bepx-
HeM cnoe rr03HTHBHoro MaTepHana 3aCBeTHTC5I MeHbIIle MHKPOKPHCTanflOB
AgHa1, rrpH rrp05lBneHHH B03HHKaeT MeHbIIle )I(enTOrO KpaCHTen51H, KaK cne~-
CTBHe, rr03HTHBHoe H306pax<eHHe 6y~eT rrporrycKaTb 60nbIIle CHHero CBeTa.
Il03TOMY rrpH pa3rnMbIBaHHH rr03HTHBa B 6enOM CBeTe Ha rna3 6y~eT B03~eM-

CTBOBaTb CHHee H3nyqeHHe C HHTeHCHBHOCTbIO, COOTBeTcTByIOmeM 06'beKTY
C'beMKH. AHanOmqHble npe06pa30BaHHH UBeTa ocymeCTBnHIOTC5I B 3eneHO-
H KpaCHOqYBCTBHTenbHblx cnOHX rrneHOK rrpH HeraTHBHo-rr03HTHBHOM UBeT-
HOM rrpouecce.

§ 4. UBeTo4loTorpaclnfllecKHH opou;ecc
00 MeTO~ 06pameHHB

B OTnHqHe OT HeraTHBHo-n03HTHBHOro rrpouecca UBeTHOM npouecc
C 06pameHHeM n03BOn5leT nonyqHTb n03HTHBHoe H306pax<eHHe Ha TOM )I(e
MarepHane, Ha KOTOpOM rrpOH3BO~HnaCb C'beMKa.

3MynbcHoHHble cnOH UBeTHbIX 06pamaeMbIX rrneHOK pacrrOnO)I(eHbI B ec-
TeCTBeHHOM rrOPMKe, T. e. BepXHHM cnOM qyacTBHTeneH K CHHeM 30He cneKTPa
H CO~ep)I(HT )I(enTYIO KOMrrOHeHTY, cpe~HHM (3eneHOqYBCTBHTenbHbIM) cnOM
CO~ep)I(HT rrypnypHyIO KOMrrOHeHTY H HH)I(HHM (KPaCHOqYBCTBHTenbHbIM) cnOM
CO~ep)I(HT rony6yIO U.OK. CxeMa nonyqeHHH UBeTHOrO H306pax<eHH5I Ha 06pa-
maeMOM rrneHKe rrpHBe~eHa Ha pHc.150 (UB. BKnMKa). Ilpouecc COCTOHT
H3 cne~YIOmHX CTa.n;HM.IlepBaH CTa.n;HH- 3KcrrOHHpOBaHHe. B pe3ynbTaTe
3KcrrOHHpOBaHH5I B 3MynbcHoHHblX cn05lx B COOTBeTCTBHHC HX crreKTPanb-
HOM qyacTBHrenbHOCTbIO 06pa3YIOTc5I CKPbITble UBeTO~eneHHble H306pax<e-
HH5I. Ha BTOPOMCTa.n;HH'1epno-6et1ozo rrp05lBneHH5I <!>opMHpyeTC5I qepHo-6enoe
HeraTHBHoe H306pax<eHHe. He rrO~BeprIIlHeCR ~eitCTBHIO CBeTa MHKPOKPH-
CTanflbI AgHal OCTaIOTC5I6e3 H3MeHeHH5I. TpeTbH CTMHR - 06maR 3aCBeTKa,
HnH rroBTopHoe 3KcrrOHHpOBaHHe. B pe3ynbTare 3TOro 06pa3yeTC5I cKPblToe
H306pax<eHHe Ha yqacTKaX, He nO~BeprIIlHXCR npORBneHHIO, T. e. B03HHKa-
eT CKPbITOe H306pax<eHHe, COOTBeTCTBylOmee rr03HTHBHOMY H306pax<eHHIO.
Ha qeTBepTOM CTa.n;HHUBeTHoro ll"p05lBneHHR B 3KcrrOHHpOBaHHbIX BO BpeM5I
BTOPOit 3aCBeTKH yqacTKaX 06pa3yeTc5I UBeTHoe H306pax<eHHe. QepHo-6enoe
H306pax<eHHe, B03HHKII1ee Ha BTOPOM H qeTBepTOM CTMHRX, oroenHBaeTC5I
Ha rrHTOM CTa.n;HH. 11:, HaKOHeu, rrocne <!>HKCHpOBaHHR Ha IIleCTOM CTa.n;HH
rrpouecca, rronyqeHHoe H306pax<eHHe BocrrpOH3BO.llHT 06'beKT C'beMKH B ero
HaTYPanbHbIX UBeTax KaK pe3ynbTaT cy6TPaKTHBHoro CHHTe3a.

Ilepe~eM K XHMHqeCKOM cymHocTH UBeTO<!>OTorpa<!>HqeCKOrOrrpouecca.

§ 5. XuMHB 4loTorpa4llfllecKoro opou;ecca
C U;BeTHhiMOpOBBJIeHHeM. OCHOBHhIe
THOLl QBeTo06pa3YIOmUX KOMOOHeHT

OCHOBbI cOBpeMeHHoM XHMHH <!>oTorpa<!>HqeCKoro rrpouecca C UBeTHbIM
npoRBneHHeM 6billH orrHcaHbI BrrepBble P. <l>HIIlepoM B 1912 r. B rrepBOM
naTeHTe <l>HIIlepa rrpeMO)I(eH crroc06 H3rOTosneHH5I UBeTHbIX H306pax<eHHM,



OTJIH'laIOIUHil:cH TeM, 'ITO npOHWIeHHe CKPbITOro H306proKeHHH B AgHal-

<pOTOMaTepHaJIe npOBO,LJ;HJIH B npoHBHTeJIe, B KOTOPOM HapH.LJ;Y C npOHWIH-

IOIUHM BelUecTBoM H3 KJIaCCa napa<peHHJIeH,LJ;HaMHHOB CO,LJ;ep)J(aJIHChOpraHH-

'IeCKHe BelUeCTBa, 06pa3YIOlUHe C npO.LJ;yKTaMH OKHCJIeHHH npOHWIHIOlUero

BelUeCTBa TPy,LJ;HOpaCTBOpHMhIe KPaCHTeJIH. 3TH BelUeCTBa nOJIyqHJIH Ha3Ba-

HHe UBeToo6pa3yIOlUHx KOMnOHeHT (U;OK). 113-3a He,LJ;OCTaTO'lHoro ypOBHH

3MYJIhCHOHHOil: TeXHOJIOfHH H,LJ;eHC1>Hwepa He HaWJIH npaKTH'IeCKOrO npHMe-

HeHHH,LJ;O Cepe,LJ;HHhI 30-x IT., nOKa He nOHBHJIHCh nJIeHKH Ar4>aKOJIOp (<pHpMa

«Ar4>a», 1936 r.) H KO,LJ;axPOM (<pHpMa «KO,LJ;aK», 1935 r.).

CYIUHOCTh UBeTo<pOTorpa<pH'IeCKoro npouecca Ha OCHOBe U;OK 3aKJIIO'Ia-

eTCH B CJIe,LJ;yIOlUeM. llPOHWIHIOlUee BelUeCTBO (llB) THna npOH3BO,LJ;HOrO

n-<peHHJIeH.LJ;HaMHHa BOCCTaHaWIHBaeT 3aCBe'leHHhIil: MHKpOKPHCTaJIJI AgHal

C 06pa30BaHHeM cepe6pa H306proKeHHH H OKHCJIeHHOH <POPMhI llB-XHHOH,LJ;H-

HMHHa (X)lI1) (cxeMa (112)):

R2NONH2 + 2AgHal=R2~=< )= NH + 2Ag°+ 2Hal-+ H+

ITB XUH

CYIUHOCTh npouecca HJIJIIOCTPHpyeTcH pHC. 151. U;BeTHoH npouecc no cpaB-

HeHHIO C 'IepHo-6eJIhIM HBJIHeTCH 60JIee MHOrOCTa.LJ;Hil:HhIM, TaK KaK BKJIIO'Ia-

eT B ce6H ,LJ;onOJIHHTeJIhHYIO CTa.LJ;HIO- peaKUHIO OKHCJIeHHOH <pOPMhI llB

C U;OK. 06pa30BaBwHil:cH XHHOH.LJ;HHMHH, HMeIOIUHil: nOJIOlKHTeJIhHbIH 3apH.LJ;,

~~
Kp

UBeTHOHnpouecc

PRe.1St. CxeMa qepHo-6eJloro H UBeTHOro<pOTorpa<pHqeCKHXnpoueCCOB: UCH -
ueHTp CKpblTOrOH306paJKeHIDI, ITB - npmIBmlIOlUee BelUeCTBO,XUH - XHHOH-
,llHHMHH,OX - OKHCJleHHlllI<PoPMaQepHo-6eJlOro nB, UOK - UBeToo6pa3YIOlUlllI
KOMnOHeHTa,Kp - KpaCHTeJlbH306paJKeHIDI

§5. XUMUJI (jJomozpa(jJuJtecKozo npOl.(ecca c ~6emHbLM npOJl6AeHUeM

CBH3hIBaeTCH C U;OK, TO'lHee, C aHHOHOM H3 U;OK. ll03TOMy nO-aHfJIHil:cKH

uBeToo6pa3YIOIUaH KOMnOHeHTa Ha3hIBaeTCH coupler - CBH3hIBaTeJIeM.

U;BeTo06pa3YIOIUHe KOMnOHeHThI HWIHIOTCH CH- HJIH OH-KHCJIOTaMH,

KOTophIe B lUeJIO'lHOM pacTBope npOHBHTeJIH HOHH3HpyIOTCH C 06pa30BaHH-

eM aHHOHa, 06JIa.LJ;aIOlUerO HYKJIeo<PHJIhHhIMH CBoil:cTBaMH. PeaKUHH Me)l(-

,LJ;y 3JIeKTPo<PHJIhHhIM X)l11 H HYKJIeo<PHJIhHhIM aHHOHOM HOCHT Ha3BaHHe

peaKUHH UBeTHoro CO'leTaHHH (HJIH OKHCJIHTeJIhHoro CO'leTaHHH) H nepBO-

Ha'laJIhHO npHBO,LJ;HT K 06pa30BaHHIO npOMe)I(yTO'lHoro npO,LJ;yKTa - JIeil:-

KOOCHOBaHHH KPaCHTeJIH (JIO), KOTOphIH ,LJ;aJIee OKHCJIHeTCH ,LJ;OKpaCHTeJIH

H306proKeHHH (113):

U;BeTOO6pa3YIOIUHe KOMnOHeHThI OTHOCHTCH K HeCKOJIhKHM OCHOBHhIM KJIac-

caM COe,LJ;HHeHHH [1, c.339]:

UOK KpaCHTeJlb KJIacc,
llBeT

~O 0
R-C~R-C

Rt, ~C=N-o-N(Rh
, A30MeTHH, (I)Rt, /CH2 )l(enTblH

N-C" N-C"
H/ 0 H/ 0

/R /R (114)N=C N=C -0-I ~CH2 I ~C=N _ N(Rh
A30MeTHH, (II)nypnypHblH

Rt-N-C" Rt-N-C"
0 0

HO-Q-H 0=Q=NON(R)2 l1H.noaH~HH, (III)
rony60H

R R

I. U;OK, CO,LJ;ep)l(aIUHe aKTHBHhIe (KHCJIhIe) MeTHJIeHOBhIe CH2-rpynnhI

B OTKPhITOil: uenH; OHH 06pa3YIOT KpaCHTeJIH OT )l(eJIToro ,LJ;OOpaH)KeBoro

UBeTa; 3TO, KaK npaBHJIO, ,tj-,LJ;HKap60HHJIhHhIe npOH3BO,LJ;HhIe, HanpHMep,

aUHJIaueTaMH,LJ;hI; CH-KHCJIOThI.

II. U;OK, CO,LJ;ep)l(aIUHe aKTHBHhIe CH2-rpynnhI B reTepouHKJIe; OHH

o6pa3YIOT nypnypHbIe KpaCHTeJIH; U;OK npe,LJ;CTaWIHeT co6oj{ 1,3-npoH3BO,LJ;-

HbIe nHpa30JIOHa-5; CH-KHCJIOTbI.



III. U;OK, cOJJ;epX<:aIUHeaKTHBHYJO OH-rpynny H MeTHHoBylO CH-rpyn-
ny; OHH 06pa3YlOT roJIy6bIe KPaCHTeJIH; no, KaK npaBHJIO, npOH3BOJJ;HbIe
$eHOJIa HJIH Ha$TOJIa; OH-KHCJIOTbI.

IIepBbIe JJ;BaTHna KOMnOHeHT C CHrrpynnaMH B pe3YJIbTaTe UBeTHOro
CO'IeTaHHR 06pa3YIOT aJOMeTHHOBbIe KPacHTeJIH, cOJJ;epX<:aIUHeB XpOMO$OpHOH

. ,
CHCTeMea30MeTHHoBYlO rpynnHpOBKY C=N- (114).,lI,nR 3THX U;OK peaKUHR

/
UBeTHoro npORBJIeHHR MoX<:eT6bITb npeJJ;CTaBJIeHacxeMOH (115):

X~CH2+ H2NON(Rh+4AgHal---
y -

-- X~C=NON(R)2+4AgO +4HHal
y -

rJJ;eX H Y - 3JIeKTpOHOaKuenropHbIe aKTHBHpYJOIUHe rpynnbI U;OK. ,lI,nR
TpeTbeH rpynnbI KOMnOHeHT C aKTHBHOH CH-rpynnoH, HaxOJJ;RIUeHCRB na-
pa-nOJIoX<:eHHH $eHOJIa (HJIH Ha$TOJIa), peaKUHR, npHBOJJ;RIUaR K CHHTe3Y
HHJJ;OaHHJIHHOBOroKPaCHTeJIR, BbIpaxaeTcR cxeMOH (116):

H H

H0-QH+H,NON(Rl,+4AgIW -
H H (116)

-- o=< rNON(Rh+4AgO +4HHal

§ 6. TIpe)J;cTaBJIeUIUI 0 MexaUH3Me
npouecca UBeTuoro npOBBJIeUHB

B nOCJIeJJ;OBaTeJIbHOCTHpeaKUHH, npHBOJJ;RIUHXK 06pa30BaHHIO KpaCH-
TeJIR H306paxeHHR, caMbIM MeMeHHbIM npoueCCOM, KaK npaBHJIO, RBJIReTCR
OKHCJIeHHe n-$eHHJIeHJJ;HaMHHa (IICI>,lI.) JJ;OXHHOHJJ;HHMHHa[1, c. 342] Ha CTa-
JJ;HH 'IepHo-6eJIoro npORBJIeHHR. CaM npouecc OKHCJIeHHR IICI>,lI. JJ;OX,lU1
TaKX<:eMHorocTaJJ;HeH, npH 3TOM nepeHoc nepBoro 3JIeKTpoHa OT UBeTHoro
npORBJIRIOIUerO BeIUeCTBa K MHKPOKPHCTaJIJIyAgHal RBJIReTCRCKOpocTbonpe-
JJ;eJIRIOIUeHcTaJJ;HeH[109]. B pe3YJIbTaTe reTeporeHHoro nepeHoca 3JIeKTpoHa
06pa3yeTcR ceMHXHHOH (KaTHOH-PaJJ;HKaJI):

AgHa1+H2NON(Rh =AgO+ H7NO N(R)2 + Hal- (117)

PeaKUHR RBJIReTCR06paTHMolt, T. e. ceMHXHHOH MoX<:eTOKHCJIRTb Ago, oco-
6eHHO npH pOCTe KOHueHTpaUHH ceMHXHHOHa B npouecce npORBJIeHHR. Ce-
MHXHHOH MoX<:eTJJ;enpOTOHHpOBaTbCRno peaKUHH (118),

+

O=¢+H'
N(Rh N(Rh

OJJ;HaKOnpoTOHHpOBaHHbIH ceMHXHHOH 6JIaroJJ;apR cHMMeTpHH 60JIeeCTa6H-
JIeH. BTOpOlt reTeporeHHbIH nepeHoc 3JIeKTpoHa OT ceMHXHHOHa K AgHal
npHBoJJ;HT K 06paJoBaHHIO XHHOHJJ;HHMHHa(119):

+
'NH2 NH

AgHol+¢= Ag'+Q+Hol-+ H'
N(Rh +N(Rh

B03MO:>KH0, 'ITO CTaJJ;HRJJ;enpOTOHHpoBaHHR ceMHXHHOHa (peaKUHR 118) npeJJ;-
rnecTByeT CTaJJ;HH(I 19). XHHOHJJ;HHMHH, KPOMe roro, MoxeT 06pa30BbIBaTbcR
B pe3YJIbTaTe JJ;HcnponopUHOHHpOBaHHR ceMHXHHOHa no peaKUHH (120):

+

'O=Q+¢+H'
N(R)2 N(Rh +N(Rh

BCJIeJJ;CTBHeJJ;enpOTOHHpOBaHHRpeaKUHR JJ;HCnpOnopUHOHHpOBaHHR BepORT-
Hee B IUeJIO'IHOM paCTBope.

06paTHMocTb peaKUHlt (117) H (119) npHBOJJ;HTK TOMy, 'ITO npH HaKOnJIe-
HHH 3Ha'IHTeJIbHbIX KOHueHTpaUHH OKHCJIeHHbIX $OpM IIB nOCJIeJJ;HHeMOryT
JJ;H$$yHJJ;HpOBaTb K HenpORBJIeHHbIM MHKPOKPHCTaJIJIaM AgHal H OKHCJIRTb
ueHTpbI npORBJIeHHR, B pe3YJIbTaTe 'Iero naJJ;aeT06IUaR CKOpOCTbnpORBJIeHHR.
,lI,nR Toro, 'IT06bI 3TOro 1136exaTb, B CJIOH HJIH B 06pa6aTbIBalOIUHH paCTBOp
He06xoJJ;HMO JJ;06aBJIRTb BeIUeCTBa, peampylOIUHe C OKHCJIeHHOH $OpMOH
npORBJIRIOIUerO BeIUeCTBa H TeM caMbIM BbIBOJJ;RIUHeOKHCJIeHHylO $OpMy
113XHMH'IeCKoro npouecca. B 'IepHo-6eJIOM npouecce TaKYIO $YHKUI1IO «'IH-
CTI1JIbIUHKa» BbillOJIHRIOT SO~- -HOHbI, B npHCYTCTBHH KOTOPbIX npOHCXOJJ;HT
CYJIb$OHHpOBaHHe OKHCJIeHHOH$OpMbI IIB. IIpHMeHeHHe Na2S03 B UBeTHOM



npORBHTeJ1eB TeX xe KOHueHTPaUHRX, '1TO H B '1epHo-6eJ10M, HeB03MOXHO,
TaK KaK x,uH Heo6xo,nHM,nJIR 06pa30BaHHR KPaCHTeJ1RH306paxeHHR. JIOBYW-
KOi:t OKHCJ1eHHoi:tcl>OPMhIllB RBJ1ReTCRCaMa UBeTOo6pa3YIOluaR KOMnOHeHTa,
C POCTOMKOHueHTPaUHH KOTOPOi:tpaCTeT CKOpOCThnpORBJ1eHHR,TaK KaK paB-
HOBeCHe peaKUHi:t (117) H (119) CMemaeTCR BnpaBO. PaCCMQTPHM peaKUHIO
CO'leTaHHR x,uH C UOK.

llpOaHaJIH3HpyeM B03MOXHhIe COCTORHHRpeareHTOB B peaKUHoHHoi:t CMe-
CH. Bce peaJIhHO HCn0J1h3yeMhIe UBeTHhIe npORBJ1RIOmHe BemeCTBa npOH3-
BO,nHhIen-cl>eHHJ1eH,nHaMHHa06R3aTeJ1hHOCO,nepxaT O,nHYTPeTH'IHyIO aMHHO-
rpynny - NR1 R2, r,ne Rl H R2 i- H. l103TOMy 06pa30BaBwHi:tcR XHHOH,nHHMHH
3apR)KeH n0J10)KHTeJ1hHO,naxe B YCJ10BHRXnpORBJ1eHHR (pH > 7), TaK KaK
npaKTH'IeCKH HeB03MO)KHa peaKUHR ,nenporoHHpoBaHHR. ll0J10)KHTeJ1hHhIi:t
3apR.n x,uH ,neJ10KaJIH30BaHno Bcei:t 7!"-CHCTeMeMOJ1eKYJ1h1

$~~
(+ 'j.........

I

NR1R2

UBe'f006pa3YIOmaR KOMnOHeHTa HaxO,nHTCR B ,nByx cl>OPMax, npH'IeM
KHCJ1OTHO-OCHOBHoepaBHoBecHe B o6meM BH,ne MO)KHOnpe,ncTaBHTh KaK

, 'i RH ;:::::! R- + H+; Ka = [R-][H+]/[RH], (121)

r,ne RH H R - OTHOCRTCRK UOK H ee aHHOHy COOTBeTCTBeHHO;Ka - KOHCTaH-
Ta ,nHCCOUHaUHH.CooTHoweHHe KOHueHTPauHi:t HOHH30BaHHOi:t H HeHOHH30-
BaHHOi:tcl>OPMhIUOK 3aBHCHTOTpH. B 06J1acTHpH < PKa ([H+] ~ Ka) npaK-
TH'IecKH BCRKOMnOHeHTa 6y,neT HeHOHH30BaHa. llpH pH> pKa ([H+] ~ Ka)
BCR KOMnOHeHTa HOHH30BaHa. B cJIY'lae pH = pKa n0J10BHHa (50 %) UOK
HaxO,nHTCR B HOHH30BaHHOM COCTORHHH. fpacl>H'IeCKH 3aBHCHMOCTh CTene-
HH HOHH3aUHH UOK OT pH BhIpaxaeTCR S-06Pa3HOi:t KPHBOi:t [95, c.158]
H nOKa3aHa Ha pHC. 152. 3a TO'IKY OTC'IeTa npHHRTO pH = pKa.

B YCJ10BHRXpeaKUHH npORBJ1eHHR (pH ~ 10,5) OCHOBHaR '1aCTh UBe-
Too6pa3YIOmei:t KOMnOHeHThI Haxo,nHTCR B BH,ne aHHOHa H n03ToMY o6me-
npHHRTO, '1TO peaKUHR CO'leTaHHR RBJ1ReTCR3J1eKTPoct>HJ1hHhIMB03,nei:tcTBHeM
KaTHOHa XHHOH,nHHMHHa (A +) Ha aHHOH UOK comaCHO cxeMe (122)

1:1 1:2
R- + A + ;:::::! RA(JIO) -+ Kp (122)

1:_1

PaBHOBeCHe onpe,neJ1ReTCRCOOTHoweHHeM KOHCTaHT cKopocTei:t npRMoi:t k1
H 06paTHoi:t k_1 peaKUHi:t. llepBOHa'laJIhHO o6pa3yeTCR 6ecUBeTHOe J1ei:tKo-
OCHOBaHHeKPaCHTeJ1R(JIO), 06J1a,naIOmeeBOCCTaHOBHTeJ1hHhIMHCBOi:tCTBaMH,

Pac. 152. 3aBHcHMocTb CTeneHH HOHH3aUHH (a) uBeToo6pa3YIOIlIeA KOMJIOHeHTbl
OTpH

Koropoe 3aTeM OKHCJ1ReTCRXHHOH,nHHMHHOMB KPaCHTeJ1h.B Ka'leCTBe npH-
Mepa npHBe,neM B o6meM BH,nepeaKUHIO o6pa3oBaHHR XeJ1TOro KPaCHTeJ1R:

NH

X'CH- +0 co~e
/ ---y

+N(Rh

>H-NHON(Rl,
JIeAKoKp8CHTeJIb (JIO)

x -0 ~ OKHCJleHHe

y~CH-NH _ N(Rh+y ~

+N(Rh

NH2

>~N-ON(R)'+¢ +H;
A30MeTHHOBblA KpaCHTeJIb N(Rh IT<1>,lJ.

MHoro'lHCJ1eHHhle HCCJ1e,nOBaHHRnOKa3aJIH [1, c. 345], '1TO CKOpOCThOnpe,ne-
J1RIOmei:tcTa,nHeA Bcero npouecca (122) RBJ1ReTCRo6pa30BaHHe J1ei:tKoocHoBa-
HHR, T. e. k2 ~ k1• CJ1e,noBaTeJ1hHO,,nJIRpeaKUHi:t (122) npHMeHHM npHHUHn
KBa3HCTaUHOHapHocTH, T. e.

d[JIO]
--=0dt



Tor,na ,nml CKOpocTH 06pa30BaHHjI KPaCHTeml nOJIyqaeM

d[~P) = kR- [R-)[A +],

k -~r,ne R- - 10_
1
+102'

3KCnepHMeHTaJIbHOe H3yqeHHe KHHeTHKH UBeTHOro COqeTaHHjI npOBO-

MT npH H36bITKe ll,OK ([R-) > [A+)), T.e. B YCJIOBHjIX nCeB,nOMOHOMO-

JIeKYJIjlpHoit peaKUHH. Ha6JI1o,naeMYIO 06myIO KOHCTaHTY 6HMOJIeKYJIjlpHOH

peaKUHH kH B YCJIOBHjlX, Kor,na He BC$! KOMnOHeHTa Haxo,nHTCjI B R-, BbI-

qHCJI$!IOT, HCXOM H3 06meH KOHueHTPaUHH KOMnOHeHTbI C = [R-) + [RH).

KOHCTaHTbI kH H kR- CBjl3aHbI CJIe,nyIOmHMH COOTHOWeHHjlMH:

me kH = 1+ [~~l/K..'113(126) CJIe,nyeT,

qTO npH pH > pKa, Kor,na ll,OK npaK-

THqeCKH HaueJIO HOHH30BaHa, kH ~ kR-.

C YMeHbweHHeM pH CKOpOCTb peaKUHH

COqeTaHHjI YMeHbWaeTCjI, a CTeneHb :no-

ro YMeHbweHHjI nponOpUHOHaJIbHa CTe-

neHH HOHH3aUHH (a) ll,OK. ComaCHO

pHC. 153 H pHC. 152 HMeeTCjI onpe,neJIeH-

Hoe COOTBeTCTBHe Me.xo:lY 3aBHCHMOCTbIO

JIOrapH<l>Ma CKOpOCTH npOjlBJIeHH$! (Ig k)
OT pH H H3MeHeHHeM a OT pH, T. e.

Me.xo:lY Ig k H a.
He06xo,nHMo OTMeTHTb, qTO KPH-

Ba$! Ha pHC. 152 nOKa3bIBaeT co,nep)KclHHe

aHHOHa R- B paBHOBeCHOH CMeCH. O,n-

HaKO npH 60JIbWOH CKOpOCTH COqeTaHHjI

paBHOBeCHe MO)KeT HapywaTbCjI. ECJIH

12 pH ,nenpoToHHpoBaHHe OH-rpynn B roJIy-

6bIX KOMnoHeHTax (OH-KHCJIOTbI) npo-
PKc.153. 3aBHcHMocTb CKOpOCTHrrpo- TeKaeT OqeHb 6bICTPO H MO)KHO ,nony-
HBJIeHIDl OT pH [95, c. 158)

CTHTb yCTaHOBJIeHHe paBHOBeCH$! B npo-

uecce peaKUHH, TO ,nenpOTOHHpOBaHHe CBjl3H C-H B )KeJITbIX H nypnypHbIx

ll,OK (CH-KHcJIoTax) OTHOCHTeJIbHO Me.nneHHbIH npouecc H MO)KeT OKa3aTbCjI

JIHMHTHpYIOmeH CTa.D;HeH npH HeKOTopbIX YCJIOBH$!X peaKUHH [I, c. 343). IIpH

60JIbWHX KOHcTaHTax kR- y6billb R - B peaKUHH COqeTaHHjI MO)KeT He ycneBaTb

nOnOJIHjlTbCjI 3a CqeT ,nenpOTOHHpOBaHH$! KHCJIOTbI RH, H CTeneHb HOHH3aUHH

a YMeHbWHTCjI no cpaBHeHHIO C paBHOBeCHoH. Oc06eHHO 3TO OTHOCHTCjI K pe-

aKUHjlM B ,nByx<l>a3HOH CHCTeMe, Kor,na ll,OK pacnpe,neJIeHa B CHCTeMe HeroMo-

reHHO, a cymecTByeT B BH,ne OT,neJIbHOH <l>a3bI B BapHaHTe C TaK Ha3bIBaeMbIMH

rH,npo<l>06HbIMH IJ,OK (CM. HH)Ke). n03TOMY B 60JIee 06meM CJIyq:ae He06xo-

,nHMO yqHTbIBaTb peaKUHIO X,l.J.M He TOJIbKO C aHHOHOM R -, HO H C HeHOHH3H-

POBaHHOH KOMnOHeHTOH RH. Ha pHC. 154 nOKa3aHa 3aBHCHMOCTb kH OT pH

(KPHBa$! 3) [95, c. 160). B 06JIaCTH 60JIbWHX pH CKOpOCTb peaKUHH onpe,ne-

JIjleTC$! B OCHOBHOM aKTHBHOCTbIO aHHOHa, npH pH > pKa + 1 CKOpOCTH kH ~

kR-. IIpH pH = pKa CKOpOCTb 6HMOJIeKYJI$!pHoit peaKUHH onpe,neJIjleTC$! KaK

kH = (kR- +kRH)/2 ~ kR-/2, TaK KaK kR- ~ kRH (HapHcYHKe kR- = 10kRH).

npH ,naJIbHeitIIleM YMeHhIIleHHH pH CKOpOCTh peaKUHH Bce 60JIbIIle 6y,neT JIH-

MHTHpOBaTbCjI aKTHBHOCTbIO HeHoHH3HpoBaHHoH KOMnOHeHTbI, a npe,nenhHoe

3HaqeHHe kH paBHO kRH. B ueJIOM 3aBHCHMOCTb Ig kH OT pH TaK)Ke nOBTOp$leT

S-06pa3HbIH xapaKTep 3aBHCHMOCTH CTeneHH HOHH3aUHH a OT pH, HO KpHBa$!

Ig kH c,nBHHYTa no cpaBHeHHIO C KpHBOH a BJIeBO no OCH op,nHHaT.

PRC. 154. 3aBHCHMOCTbHa6mo,aaeMoH KOHCTaHTbI CKOpOCTH kH OT pH; 1 - peaKUIDl
aHHOHa UOK, 2 - peaKllIDl HeHoHH3HpoBaHHoH <l>OPMbI UOK, 3 - CYMMapHaH
KpHBaH [95, c.160]

KHHeTHqeCKHe KPHBbIe rHna KPHBOH 3 Ha pHC. 154 nOJIyqeHbI npH H3Y-

qeHHH UBeTHoro COqeTaHHjI B WHpOKOM ,nHana30He pH. CJIe,nyeT OTMeTHTb,

qTO yqeT aKTHBHOCTH HeHoHH3HpoBaHHoH <l>OPMbI ll,OK HMeeT 3HaqeHHe

cKopee B Mo,nenhHblX Hccne,noBaHHjlX, TaK KaK B peaJIbHbIX ycnoBHjlX npo-

jlBJIeHHjI <l>OToMarepHaJIOB npH BblCOKHX pH npe06Jla.D;aIOT 6bIcTpble peaKUHli

aHHOHa ll,OK, npHCYTCTByIOUlero B H36bITKe no OTHOIIleHHIO K X,llM.



§7. BJIHJlHHe CTpOeHHJI npOBBJIBIOm;ero Bem;eCTBa
H UBeToo6pa3YJOm;eii KOMnOHeHTld
Ha KHHeTHKY npOBBJIeHHJI

B COOTBeTCTBHH C paCCMOTPeHHOH cxeMOH peaKUHH UBeTHOro COqeTaHHSI

B BH,ZJ;e3JIeK1'P04>HJ1bHoro npHcoe.u;HHeHHSI KaTHOHa XHHOH.u;HHMHHa K HY-

KJIeocPHJIY - aHHoHy UOK, eCTeCTBeHHO npe.u;nOJIO:lKHTb, qTO 3aMeCTHTeJIH

B X,llH, H3MeHSIIOlUHe ero 3JIeKTPocPHJIbHOCTb, .u;OJDKHbl BJIHSlTb Ha CKOpOCTb

npouecca. 3JIeKTPOHo.u;OHopHbIe 3aMeCTHTeJIH .u;OJI)IQ{bl YMeHbwaTb aKTHB-

HOCTb XHHOH.u;HHMHHa, a 3JIeKTPOHOaKUenTopHble, Hao6opOT, YBeJIHqHBaTb

ero peaKUHoHHylO cnoco6HOCTb. 3To 6bIJIO nOKa3aHO [110] B Mo.u;eJIbHblX

3KcnepHMeHTax Ha peaKUHH roJIy60H UOK C 3aMelUeHHbIMH XHHOH.u;HHMHHa

no cxeMe (127):

0-

HOH'C'QCH'OH +

OCH3

Rl~R2V-"-
+N
/,

HSC2 C2Hs

o
HOH2CQCH20H

--- I IR2 +CH30H

~

/C2Hs
N N,C H_ 2 5

R1

B Ta6JI. 7 npHBe.u;eHbl KOHCTaHTbI CKOpOCTH COqeTaHHSI B 3aBHCHMOCTH

OT CTPoeHHSI 3aMeCTHTeJIeH R1 H R2 B XHHOH.u;HHMHHe. )l.eHcTBHTeJIbHO, 3JIeK-

TPOHO.u;OHopHble 3aMeCTHTeJIH (CH3, OCH3) YMeHbwalOT KOHcTaHTY CKOPOCTH

COqeTaHHSI, a 3JIeKTPOHOaKUenTopHblH XJIOp YBeJIHqHBaeT ee.

3JIeKTPOHHoe BJIHSlHHe 3aMeCTHTeJIeH Ha aKTHBHOCTb XHHOH.u;HHMHHa

npOTHBOnOJIO)lQ{o HX .u;eHcTBHIO Ha aKTHBHOCTb HCXO.u;HOro n-<j)eHHJ1eH.u;Ha-

MHHa, KaK npOSlBJISIlOlUero BelUecTBa, nOCKOJIbKY 3JIeKTPoHoaKUenropHble

3aMeCTHTeJIH YMeHbwalOT BoccTaHOBHTeJIbHbIH nOTeHUHaJI npOSlBJISIlOlUero

BelUeCTBa, a, CJIe.u;OBaTeJIbHO, H CKOpOCTb BOCCTaHOBJIeHHSI AgHal. TaKHM

06pa30M, BbIHrpbIBM B CKOpOCTH Ha CTa,U;HH COqeTaHHSI, npHxo.u;HTCSI npo-

HrpbIBaTb B CKOpOCTH Ha CTa,U;HH BOCCTaHOBJIeHHSI AgHal.

lloKa3aH TalOKe BKJIa,U;06'beMa 3aMeCTHTeJIeH B X,llH B CKOpOCTb peaKUHH

.COqeTaHHSI. 06DeMHbIe 3aMeCTHTeJIH B6JIH3H peaKUHoHHoro ueHTPa pe3Ko 3a-

'Th6J1HIlll 7. BJIIDIHHe 3aMeCTHTeJIeA B X,l:\11 Ha CKOpocTb pe~HH CO'leTaHWI
C rony6oil: U;OK

RI R2 kR-, M I·c-l kC7J'H

H H 1,1 .106 1

CH3 H 2,9. 104 2,6.10-2

OCH3 H 1,3. 103 1,2. 10-3

CH3 CH3 2,7. 102 2,5· 10-4

Cl H 2,8. 106 2,6

t-C4H9 H 9,4 8.10-6

Me,lJ,JUlIOT peaKUHIO coqeTaHHSI. HanpHMep, BBe.u;eHHe TPeT.-6yrHJIbHOH rpyn-

nbI B opro-nOJIOXeHHe K H~HHHOH rpynne YMeHbwaeT KOHCTaHTY CKOpOCTH

Ha nSlTb nopg.u;KOB (Ta6JI.7).

B peaKUHoHHoH CMeCH npH npo- Ig kR-

SlBJIeHHH HapSI,!I;Y C aHHOHOM UOK HaxO-

.u;SlTCSITalOKe HYKJIeocPHJIbHble qaCTHUbI,

cnoc06HbIe B3aHMo.u;eHCTBOBaTb C XH-

HOH.u;HHMHHOM B n060qHbIX peaKUHSIX,

YMeHbwalOlUHx BbIXO.u; KPaCHTeJISI B oc-

HOBHOH peaKUHH. K TaKHM HyKJIeO-

<j)HJ1aM OTHOCSlTCSI cym.q)HT-HOH, HC-

XO.u;HbIH n-<j)eHHJ1eH.u;HaMHH (CM. peaK-

UHIO (120», nmpOKCHJ1-HOH H MOJIeKY-

JIbl BO.u;bI. 3TH n060qHbIe peaKUHH 6y-

.u;yr paCCMOTPeHbI HHXe npH o6c}')K.lJ.e-

HHH BTOPHqHblX npoueCCOB npH UBeT-

HOM npOSlBJIeHHH. .

B COOTBeTCTBHH C OCHOBHbIM CBOH-

CTBOM aHHOHa UOK - HYKJIeocPHJIb-

HOCTblO, 3aMeCTHTeJIH B UBeTOO6pa3Y-

IOlUeH KOMnOHeHTe .u;OJDKHbl OKa3bIBaTb

Ha peaKUHOHHYIO cnoc06HocTb npOTH-

BOnOJIOxHoe .u;eHCTBHe no cpaBHeHHIO

C XHHOH.u;HHMHHOM, a HMeHHO, 3JIeK-

TPOHO.u;OHopHbIe 3aMeCTHTeJIH .u;OJI)I(HbI

YBeJIH'IHBaTb aKTHBHOCTb aHHOHa H, Ha-

060pOT, 3JIeKTPOHOaKUenTQPHble no.u;a-

BJISlTbpeaKUHoHHocnoc06HocTb.CJIe~y-

eT 3aMeTHTb, qro COBepWeHHO 06paT-

Hoe BJIHSlHHe OKa3bIBaIOT 3aMeCTHTeJIH

Ha KHCJIOTHOCTb caMOH UOK, T. e. 3JIeI<-
TPOHO.u;OHopHble 3aMeCTHTeJIH YMeHbwalOT KHCJIOTHOCTb KOMnOHeHT, a 3JIeK-

PIle. 155. B3aHMOCBg3b Me~ Ig kR-
H pK" JUUI I'OJIy6bIX UBeToo6paJYJOIUHX
KOMnOHeHT [110]



TpoHoaKUenTopHbIe CnOC06CTBYIOT KHCJIOTHOH ,lI;HCCOUHauHH lJ,OK. 110-

CKOJIbKY pKa = - 19 Ka, TO ,lI;OJDKHa Ha6JIIO,lI;aTbCH CHM6aTHOCTb BJIHH-

HHH 3aMeCTHTeJIeH Ha HyKJIeo<l>HJIbHOCTb aHHOHa lJ,OK H Ha pKa KOM-

nOHeHTbI. B pa60Te [110] nOKa3aHa 6JIH3IGU1 K JIHHeHHOH 3aBHCHMOCTb

Mex.n:y JIOrapH<l>MoM KOHCTaHTbI CKOpOCTH CO'IeTaHHH kR- H pKa roJIy-

6bIX lJ,OK. 3Ta 3aBHCHMOCTb HJIJIIOCTpHpyeTcH pHc.155. B Ta6JI.8 npH-

Be,ll;eHbI KOHCTaHTbI CKOpOCTH CO'IeTaHHH kR- MH HOHOB MO,ll;eJIbHOH ro-

JIy60H lJ,OK C XHHOH,lI;HHMHHOM [1, c.344]. 113 Ta6JIHUbI CJIe,ll;yeT, 'ITO

3JIeKTpOHOaKuenTOpHbIH 3aMeCTHTeJlb Cl YMeHbWaeT CKOpOCTb CO'IeTaHHH

('" B 4 pa3a) , a 3JIeKTpoHO,ll;OHOPHaH CH30-rpynna, Ha060poT, yCKO-

pHeT peaKUHIO ('" B 50 pa3). TaKHM 06pa30M, BJIHHHHe 3J1eKTpoHO,ll;0-

HOPHbIX 3aMeCTHTeJleH Ha HYKJIeo<l>HJlbHOCTb aHHOHa lJ,OK 3Ha'IHTeJlbHO

BIDKHee C TO'IKH 3peHHH yCKopeHHH peaKUHH CO'IeTaHHH, 'IeM YMeHbWe-

HHe KOHCTaHTbI KHCJIOTHOH ,lI;HCCOUHaUHH lJ,OK no,ll; ,lI;eHCTBHeM Tex )I{e

3aMeCTHTeJIeH.

"'0X):(11 - +/C2Hs
HN N,_ C2H4SOj"

110H U;OK Qo- 00- 'iQo-
CI OCH3

kR- 9,5. 102 3,7. 103 1,7.105

110Ka3aHO, 'ITO o6beMHbIe 3aMeCTHTeJIH B lJ,OK, C03,l1;aIOWHe CTepH'IeCKHe

3aTpy,ll;HeHHH MH peaKUHH CO'IeTaHHH, BbI3bIBaIOT OTKJIOHeHHH OT npHMOJIH-

HeHHon 3aBHCHMOCTH 19kR- OT pKa [lIoJ.

§ 8. npeBpa~eHHe JIeHKOOCHOBaHHJI
KpaCHTeJlJl B KpaCHTeJlb.
3KBHBaJIeHTHOCTb KOMnOHeHT

B COOTBeTCTBHH co cxeMOH (123) npouecca UBeTHoro npOHBJIeHHH B pe-

3YJlbTaTe CO'IeTaHHH 06pa3yeTcH JIeHKOOCHOBaHHe KpaCHTeJIH (JIO) - npo-

Me)l{yTO'IHOe coe,ll;HHeHHe B peaKUHH 06Pa30BaHHH KpacHTeJIH H306paxe-

HHH, KOTOPoe 3aTeM OKHCJIHeTCH B KpaCHTeJlb. lJ,BeTOO6pa3yIOmHe KOMno-

HeHTbI nO,ll;pa3,l1;eJIHIOTCHHa 'temblpex- H a8)lX31CsuSanenmnble, B 3aBHCHMO-

CTH OT roro, CKOJlbKO 3KBHBaJIeHTOB AgHal He06xo,ll;HMO MH npeBpame-

HHH n-<l>eHHJIeH.lI.HaMHHa H lJ,OK B MOJIeKYJIy KpaCHTeJIH. 31'0 onpe,ll;eJIH-

eTCH cnoc060M npeBpameHHH JIeHKOKpaCHTeJIH B KpaCHTc:!Jlb. I1peBpameHHe

JIeHKOKpaCHTeJIH B KpaCHTeJIb 3aBHCHT OT y,ll;aJIHeMbIX H3 Hero aTOMOB HJIH

rpynn. PaCCMOTpHM 3TO Ha npHMepe npOCTeHweH rOJIy60H KOMnOHeHTbI -

Q- Ha<l>TOJIa.

CxeMa peaKUHH 06pa30BaHHH KpaCHTeJIH (129) MH 4-x 3KBHBaJIeHTHOH

KOMnOHeHTbI npHBe,ll;eHa HH)I{e.

o

'o'~:' «J
NH

n'.KOK,",,",,, ~
N(Rh

110cJIe CHHTe3a Ha CTa,D;HH CO'IeTaHHH (128) npOHCXO,ll;HT OKHCJIeHHe

JleHKOKpaCHTeJlH B pe3YJlbTaTe y,ll;aJIeHHH ,lI;Byx 3JIeKTpOHOB H ,lI;Byx npo-

TOHOB C 06pa30BaHHeM HH,lI;oaHHJIHHoBOro KpaCHTeJlH. B Ka'IeCTBe OKH-

CJlHTeJlH JIeHKoKpaCHTeJlH, KaK npaBHJlO, CJIy)I{HT MOJleKYJIa XHHOH,ll;HHMH-

Ha, KOTOPaH BOCCTaHaBJIHBaeTCH ,lI;0 HCXO,ll;HOro npOHBJIHIOIUerO BemeCTBa

no cxeMe (129).

~ A oKHcneHHe ~ A
~+y -2e- 0)+y+H+c5 +N(R), ¢ N(R),

TaKHM 06pa30M, MH 06pa30BaHHH O,ll;HOH MOJleKYJlbl KpaCHTeJlH He06-

XO,ll;HMbI ,lI;Be MOJIeKYJIbI XHHOH,lI;HHMHHa - O,ll;Ha Ha CTa,D;HHCHHTe3a JIeHKO-

KpaCHTeJlH H BTOpaH - Ha CTa,D;HHOKHCJIeHHH JIeHKOKpaCHTeJIH. TaK KaK MH

06pa30BaHHH MOJIeKYJIbI XHHOH,lI;HHMHHa H3 n-<l>eHHJIeHJlHaMHHa Tpe6yeTcH

,lI;Be MOJleKYJlbI AgBr (CM. cxeMy (112)), TO MH ,lI;ByX MOJIeKYJI X)l11 Hy)I{HbI

'IeTbIpe MOJleKYJlbI AgBr. 3THM KOJIH'IeCTBOM onpe,ll;eJlHeTCH 3KBHBaJIeHTHOCTb

KOMnOHeHTbI - ee 'temblpex31Csusanenmnocmb. OKHCJIeHHe JIeHKOKpaCHTeJIH

MO)l{eT 'IaCTH'IHO npOHCXO,ll;HTb Ha CTa,D;HHOT6eJIHBaHHH cepe6pa H306paxeHHH



C nOMOW;l>IO Fe3+, n03TOMY peaJIl>HlUI 3KBHBaJIeHTHOCTl> KOMnOHeHTl>I MO)l(eT

6l>ITh HeMHoro MeHl>We qeThIpeX.

ECJlH B MeCTe COqeTIlHHSI y KOMnOHeHTl>I BMeCTO BOnOpona HMeeTCSI

HeKlUl rpynna X, KOTOPlUl MO)l(eT 06Pll3OBl>IBaTl> C BOnOponOM 6J1H)I(3HWeH

aMHHOrpynnl>I KHCJlOTY HX, TO 06pll3OBaHHe KPaCHTeJlSI H3 JleHKOKPaCHTeJISI

He TPe6yeT OKHCJleHHSI, a 3aKJIIOqaeTCSI B OTw;enJleHHH (3J1HMHHHPOBaHHH)

KHCJlOTl>I HX. 3To HJlJlIOCTPHpyeTCSI cxeMOH (130).

o 0

~ ~~:JB'~ +HCl

~'ct, ~O'~) ¢ (130)

N(Rh N(Rh

DOJIee neTaJIl>HhIH MexaHH3M 3J1HMHHHpOBaHHSI, nO-BH.D.HMOMY, BKJlIOqaeT

HeCKOJll>KO CTanHH. nepBOHaqaJIl>HO B w;eJlOqHOM paCTBOpe npOSIBHTeJISI MO)l(eT

OTw;enJISIThCSI npOTOH OT aMHHorpynnhI JleHKOKPaCHTeJISI no cxeMe (131):

~y-NHON(Rh+OH-~ ~y-N-oN(Rh+~20 (131)

X X
OTPHua-

3HeprnSi
3aTeM OT 06pll3OBaBwerocSi aRHOHa B03MO)I(H0 3J1HMHHHPoBaHHe

TeJll>HOro 3apSI)l;a B BH.D.e aHHOHa X-, npH 3TOM BhIHrpl>IBaeTCSI

1r-COnpSl)l(eHHSI B MOJleKYJle KPaCHTeJISI.

'-C-NON(Rh ~ '-C=N-Q-N(Rh+X-
/1 - /-

X

TaKHM 06pa30M, HaH60JIee 3$$eKTHBHhIMH B KaqeCTBe 3JIHMHHHpyeMhIx

OT peaKUHOHHOro ueHTPa rpynn X nOJI)l(Hl>I 6hITl> KHCJIOTHhIe OCTaTKH' ,JJ;eH-

CTBHTeJIl>HO, npaKTHqecKoe npHMeHeHHe HaWJIH RO-, RS-, R-N=N-,

Hal-, S03" -rpynnhI, OTw;enJISIeMhIe B BH.D.eaRHOHOB RO-, RS-, R-N=N-,

Hal- H SO~-, COOTBeT,CTBeHHo. TaKHM 06pa30M, B pacCMaTPHBaeMO:TT~~yqae

Ha 06pll3OBaHHe MOJleKYJlhI KPaCHTeJISI pacxonyeTCSI onHa MOJIeKYJIa J¥.I.¥.l HJIH

)!;Be MOJleKYJlhI AgHal. B COOTBeTCTBHH C 3THM KOMnOHeHTa SIBJISIeTCSIo8}'X-

31(8UtlaJleHmHou. H3-3a TOro, qTO B CJIyqae nBYX3KBHBaJIeHTHl>IX KOMnOHeHT

Bl>IXOn KPaCHTeJlSI B)l;Boe 60Jll>we, qeM .l1JISiqeThIpex3KBHBaJIeHTHhIX B paCqeTe

Ha paBHoe KOJIHqeCTBO AgBr, T. e. 60Jlee paUHOHaJIl>HO pacxonyeTcSI cepe6po

$OTOCJIOSI, OHH HaxO)l;SlT BCe 60J1l>wee npaKTHqecKoe npHMeHeHHe.

Y)I(e OTMeqaJIOCl>, qTO B npoSIBJISIIOw;eM pacTBope COnep)l(3TCSI HYKJIeO-

$HJIl>HhIe coenHHeHHSI, KOHKYPHpyIOW;He C aRHOHOM UBeToo6pa3yIOIueH KOM-

nOHeHThI 3a B3aHMOneHcTBHe C XHHOH)l;HHMHHOM. KOHKYPeHTHl>Ie peaKUHH

YMeHl>WaIOT BhIXOn KPaCHTeJlSI (a, CJlenOBaTeJll>HO, H CBeTOqYBCTBHTeJll>HOCTl>

$oToMaTepHaJIa) H BJIHSIIOT Ha KaqeCTBO H306p3)l(eHHSI. Peql> npe)l()l;e BCe-

ro H.D.eT 06 OH- H SO~- -HOllax. non neHCTBHeM rnnpOKCHJIl>Hl>IX HOHOB

npOHCXonHT peaKUHSI ne3aMHHHpOBaHHSI XHHOH)l;HHMHHa.

B03MO)I(HlUI cxeMa npouecca ne3aMHHHp0BaHHSI (133) C 06pa30BaHHeM

XHHOHMOHOHMHHa (XMH) npenCTaBJIeHa HH)I(e [1, c. 346].

NH NH NH NH0=¢+OH-=OH~ 0 +NHRR,

+N N N °/'- /'- /'-
R R1 R R1 R R1

PeaKUHSI (133) H.D.eT C KOHcTaHToH CKOpOCTH nceBnonepBoro nopSI)l;Ka, npo-

nOpUHaJIl>HOH [OH-]. Ha6J1IOnaeTCSI npSIMOJIHHeHHlUI 3aBHCHMOCTl> Ig kOH-

OT pH, nOKa3aHHlUI Ha pHc.156 [1, c.347]. B YCJlOBH.SIX np0.SIBJIeHHSI npH

pH > 9 nepHon nonypacnana X,lJ;H 'TI/2 < 1 C. 06Pa3YIOW;HHC.SI XMH

cnoc06eH rn.u.POJlH30BaTl>CSI naJIl>we no 6eH30XHHoHa. 06Pa3YIOW;HHCSI XH-

HOHMOHOHMHH T3K)I(e MO)l(eT BCTYnaTl> B peaKUHIO COqeTIlHHSI C :U;OK. XOTSI

peaKUHoHHlUI cnOC06HOCTh XMH HH)I(e, qeM XHHOH)l;HHMHHa, 06Pa3YIOW;HH-

CSI KPaCHTeJIl> MO)l(eT «3arpSI3H.SITM KPacHTeJll> H306p3)l(eHH.SI H TeM caMhIM

yxynwaTl> UBeTOnepenaqy. npHMep TIlKOH peaKUHH nOKa3aH Ha cxeMe (134).

¢{)¢-C¢+Cl-
° Cl NOOH

KpoMe TOro, 3Cl>$eKT ne3aMHHHp0BaHH.SI npoSIBJI.SIeTCSI B pa3MhITHH H30-

6p3)l(eHHJI. XHHOHMOHOHMHH MO)l(eT pereHepHpOBaTl> XHHOH)l;HHMHH B 06pa-

THMOH peaKUHH C UBeTHhIM npoSIBJI.SIIOW;HM Bew;eCTBOM. 3TO npoHcXO,lJ;HT

B ynaJIeHHH OT MeCTIl npOSIBJIeHHSI, ~o pa3MbIBaeT H306p3)l(eHHe.

,JJ;e3aMHHHpOBaHHe XHHOH)l;HHMHHa no 6eH30XHHoHa npOTeKaeT TIlKXe

B KHCJIOH cpene (pH < 7). Ha pHc.157 nOKa3aHa 3aBHCHMOCTl> CKOpOCTH

fH.D.POJIH3a XHHOH)l;HHMHHa OT pH [95, c. 169]. TaKHM o6pa30M, ne3aMHHHpo-

BaHHe yCKopSIeTCJI KaK B w;eJIOqHOH, TaK H B KHCJIOH cpene.



19kow
2

400 500 600 700
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PRe. 156. 3aBHCHMOCTh KOHCTaHT cKopocreit pea.KUHi!: rrceB.IlOrrepBoro rropH.llKll .Ile3-
aMHHHpoBaHHlI XHHOH.llHHMHHa OT pH [1, c. 347]

PRe.IS? 3aBHcHMocTh cKOpOCTHrH.IlPOJIH3aXHHOH,l1HHMHHaOT pH [95, c.169]

.ami onHcaHHR BJaHMO.lleHCTBHR XHHOH,llHHMHHa C CYJIhQ.>HT-HOHOM, T.e

peaKuHH CYJIhQ.>OHHP0BaHHR, npe.lJ)lO)({eHa CJIe.llYIOWaR cxeMa (135) [1, c. 348]:0=&:so:- ;;q~o,~ Q:~B (135)
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CqHTaeTCH, qTO Ha nepBOH CTa,n;HH npOHCXO,nHT npHCOe,nHHeHHe CyJIh<pHT-HO-

Ha K npOTOHHpOBaHHoMy no HMHHorpynne XHHOH,nHHMHHY, Ha BTOpOH -

KaTaJIH3HpyeMoe OCHOBaHHHMH (B-) ,nenpOTOHHpOBaHHe 6eH30JIhHOro KOJIh-

ua. TaK KaK [H+]· [B-] = Ka[HB], CKOpOCTh CyJIh<pOHHpOBaHHH nponopUHO-

HaJIhHa KOHueHTPaUHH KHCJIOThI HB, XHHOH,nHHMHHa H SO~- [1, c. 347]:

no CBoeH BeJIHqHHe KOHCTaHTa CKOpOCTH CYJIh<P0HHpoBaHHH MO)l(eT ,nOCTHraTh

3HaqeHHH KOHCTaHThI CKOpOCTH COqeTaHHH.

TaKH~ 06Pa30M, peaKUHH XHHOH,nHHMHHa KaK 3JIeKTPo<PHJIa C pa3JIHq-

HhIMH HYKJIe0<pHJIhHhIMH areHTaMH MOryT npOTeKaTh no TPeM peaKUHoHHhIM

ueHTPaM [95, c. 168]:
OCH06HaJl pea"IJ,UR - COqeTaHHe C lJ,OK - npOTeKaeT no aToMy a30Ta

HMHHorpynnhI;

n060'1HaJl pea"IJ,UR - B3aHMo,neHcTBHe C CYJIh<pHT-HOHOM - no OpTO-

nOJIO)l(eHHIO 6eH30JIhHoro KOJIhua;

OpYZaJl n06o'1HaJl pea"IJ,UR - B3aHMo,neHcTBHe C rn,npOKCHJI-HOHOM

no aToMy YrJIepo,na, coe,nHHeHHOMY C ,nHaJIKHJIHMHHHeBoH rpynnoH.

y
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NH

kR- ¢
N(Rh

NH NH$+y- kso;- Q~···.w~···
I

N(Rh N(Rh

NH

kow 0
(R)2N Y
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§10. MOP4>OJIOfHB

nBeToo6pa3YJO~HX KOMnOHeHT
H ee BJIHBHHe Ha npOneccbI npOBBJIeHHB

B npHHUHne, UBeT006pa3YIOIUHe KOMnOHeHThl MOryr BBO.LJ:HThCHJlH60

B 06pa6aThIBaIOIUH~. paCTBOp, JlH60 B 3MYJlhCHOHHhle CJlOH. I1CTOpH'IeC-

KH nepBhl~ UBeTHO~ npouecc KO.LJ:axPOM (KO.LJ:aK, 1935 r.) 6hill nocTPO-

eH Ha QOK, pactBopeHHhlx B UBeTHOM npOHBHTeJle. JIerKo pacTBopHMhle

B lUeJlO'lHOM pacTBope QOK .LJ:H<l><l>YH.LJ:HPOBaJIHH3 npOHBHTeJlH B 3MYJlhCH-

OHHhle CJlOH H 06pa30BhlBaJIH B HHX HepacTBopHMhle, a nOTOMY He .LJ:H<l>-

<l>YH.LJ:HPYIOIUHe KPaCHTeJlH H306paxeHHH. TaKHM 06pa30M, npouecc 6hIJI

OCHOBaH Ha aUrjJrjJYHaupylOUI,UX aOK. I1JIeHKY 06pa6aThlBaJlH nOCJle.LJ:OBa-

TeJlhHO TPeMH paCTBopaMH, CO.LJ:ep:lKaIUHMH npOHBHTeJlh H O.LJ:HY HX TPex

UBeT006pa3YIOIUHX KOMnOHeHT. npHMeHHJlH OqeHh npOCThle no CTPyKTYPe
KOMnOHeHThl:

(X)-LCH'-CN
OH

~B' fany"", (LIV)BrAyV
OH

npH 3TOM YCJlOBIHI 6hillH nO.LJ:06paHhl TaKHM 06pa30M, qT06hl UBeTHoe

npOHBJleHHe npOHCXO.LJ:HJlO Ka:lK.LJ:hl~ pa3 B O.LJ:HOMKOHKpeTHOM cJloe. BBH.LJ:Y

OqeBH.LJ:HhlX He.LJ:OctaTKOB TaKoro cnoc06a, CBH3aHHhlX C MHOrocTa.nH~HO-

CThlO H CO CJlO:lKHOCThlO npouecca, OH He nOJlY'lHJI pa3BHTHH. nOCJle.LJ:YlOlUee

COBepllIeHCTBOBaHHe UBeTo<l>oTOrpa<l>HqeCKHX npoueCCOB nOllIJlO B HanpaBJIe-

HHH npHMeHeHHH HeaUrjJrjJYHaupylOUI,UX aOK, BBO.LJ:M:MhIXHenOCpe.LJ:CTBeHHO

B 3MYJlhCHOHHhle CJlOH. BnepBhle He.LJ:H<l><l>YH.LJ:HPYIOIUHeKOMnOHeHThl 6hl-

JlH pa3pa60TaHhl Ha <l>HpMe '~fa" B 30-e rr. (1935-1937 rr.). MOJleKYJlhl

3THX QOK CO.LJ:ep:lKaJIHMHHHhle yrJleBO.LJ:0p0.LJ:Hhle pa.nHKaJIhl (Cl2 - C(8),

nO.LJ:aBJIHIOIUHe .LJ:H<l><l>Y3HIOQOK B <l>oTorpa<l>HqeCKOM CJloe, a TaK:lKe COJlI06H-

JlH3HpYIOlUHe rpynnhl THna -S03H, -COOH, nOBhlllIalOlUHe pacTBopHMOCTh

QOK B BO.LJ:HO-:lKeJlaTHHOBO~ cpe.LJ:e H n03BOJlHIOlUHe BBO.LJ:HThHX B 3MYJlhCHIO

nepe.LJ:nOJlHBOM 3MYJlhCHOHHoro CJlOH [1, c. 349]. BBH.LJ:YpaCTBOpHMOCTH TaKHX

KOMnOHeHT B BO.LJ:HOMpaCTBope (IUeJlOqHoM) OHH Ha3hIBalOTCH zUapOrjJUJlbHblMU
HeaUrjJrjJyHaupylOUI,UMU KOMnOHeHmaMU.

B KaqeCTBe npHMepa npHBe.LJ:eM CTPoeHHe rOJly60~ 2-x 3KBHBaJIeHTHO~

rH.LJ:po<t>HJlhHO~ KOMnOHeHThI (f -3):

OH

WCONHC18H37
,pi" ~

, ~ (~

S03Na

npOHBJleHHe UBeTHhlX <l>oToMaTepHaJIOB C TaKHMH He.LJ:H<l><l>YH.LJ:HPYIOIUHim

KOMnOHeHTaMH Be.LJ:YTO.LJ:HHMnpOHBJlHIOIUHM paCTBopOM. PeaKUHH UBeTHOro

COqeTaHHH C 06pa30BaHHeM KPaCHTeJlH npOTeKaeT O.LJ:HOBpeMeHHO BO Bcex

CJlOHX.

B KOHue 30-x IT. <l>HPMO~ KO.LJ:aK 6hillH pa3pa6OTaHhl zuapOrjJo6Hble He-
aUrjJrjJyHaupylOUI,Ue KOMnOHeHmbl, 06J1a.naIOIUHe 60JlhllIO~ MOJleKYJlHpHO~ Mac-

CO~ H HepaCTBOpHMhle B BO.LJ:eH3-3a OTCYTCTBHH COJl106HJlH3HPYIOIUHX rpynn.

B HaCTOHIUee BpeMH rH.LJ:po<t>06Hhle KOMnOHeHThI npaKTH'IeCKH BhlTeCHHJlH

rH.LJ:Po<t>HJlhHhle, TaK KaK HX npHMeHeHHe cnoc06cTByeT YJlY'illIeHHIO KaqeCTBa

nOJlHBa <l>OTOCJloeB H UBeTo<1>OTOrpa<l>HqeCKHX nOKa3aTeJle~ <l>oTOMaTepHaJIOB.

)lJrn BBe.LJ:eHHHB <l>OTorpa<l>H'IeCKHe CJlOH HX paCTBopHIOT B rH.LJ:pO<l>06HhIX

OprallH'IeCKHX paCTBOpHTeJIHX, 3aTeM 3MYJlhrHpYIOT B BO.LJ:HO-:lKeJlaTHHOBOM

paCTBope, BBOMT B <l>OTorpa<l>H'IeCKYIO 3MYJlhCHIO H nOJlHBaIOT B BH.LJ:eCJloeB.

-.l:lJlH npH.LJ:aHHH paCTBopHMOCTH QOK B BhlCOKOKHnHIUHX OpraHHqeCKHX pac-

TBOpHTeJlHX - TaK Ha3h1BaeMhIX «3aIUHTax,> HJlH «MaCJlax» (.LJ:H6YTHJI<l>TaJIaT,

TPH6YTHJI-, TPHKPe3HJ1<l>oc<l>aT HJlH HX cMecH) - B MOJleKYJlhl QOK BBO-

MT o6beMHhle, 06hlqHO TPeT.-aJIKHJIhHhle, rpynnhI. I1Haqe 3TH KOMnOHeHThl

Ha3hIBalOT 3aUl,UUI,ae.MblMu.
B KaqeCTBe npHMepa npHBe.LJ:eM CTPYKTYPY rH.LJ:PO<l>06HO~ 4-x 3KBHBaJIeHT-

HO~ rOJIy60~ KOMnOHeHThl (3f-97):

OHroCONH(CH~.-0 ~ )-C,H..-'P~. (LVI)

C5HwTPeT.

B pe3YJIhTaTe .LJ:HCneprHpOBaHHH 06pa3yeTcH 3MYJlhCHH C pa3MepOM KaneJleK

OpraHHqeCKoro paCTBOpHTeJIH, CO.LJ:ep:lKaIUero QOK, nOPAAKa 0,1-0,2 MKM.

TaKHM o6pa30M, B 3MYJlhCHOHHOM cJloe 06pa3yeTcH reTeporeHHaH CHCTe-

Ma OpraHHqeCKHX MHKPoKaneJlh, a nOTOMY peaKUHH UBeTHoro COqeTaHHH

B OTJlHqHe OT rH.LJ:po<l>HJlhHhIX QOK npOTeKaeT He B rOMoreHHOM paCTBope,

a B .LJ:BYX<l>a3Ho~CHCTeMe.

CTPoro rOBopH, peaKUHH npOHBJleHHH AgHa1-MaTepHaJIOB BCer.LJ:a re-

TeporeHHa, TaK KaK BKJIlOqaeT B3aHMO.LJ:e~CTBHe npOHBJlHIOIUerO BellIecTBa

18*



C MHIqJOIqJHCTaJUIaMH AgHal [95, c. 168}. Cne,lJ;OBaTenbHO, CT3,lJ;HRreHepaUHH

XHHOH,lJ;HHMHHa npH UBeTHOM npORBneHHH He3aBHCHMO OT THna U;OK BCer,lJ;a

reTeporeHHa. O,lJ;HaKO, KaK npaBuno, orpaHUqeHHR, CBR3aHHbIe C ,lJ;HtPtPY3U-

eH npOJlBHTeJIJI K MHKpOKpucTanny AgHaI, OTCYTCTByIOT. PeaKUHJI UBeTHoro

npOJlBneHHJI C BO,lJ;OpaCTBopHMbIMU U;OK npOTeKaeT B rOMoreHHOH (no pac-

npe.neneHUIO peareHToB) cpe.ne [95, c. 169]. B 3TOM cnyqae npouecc Macco-

nepeHoca TaIOKe He JlBnJleTCJI CKOpOCTbJIUMHTHpyIOIUHM, TaK KaK KOHCTaHThI

CKOpOCTH B3aHMo.neHCTBHJI XIJ:M C U;OK ne)l(aT, B OCHOBHOM, B npe.nenax 104
-

107 M-1
. c-I, qTO Ha HeCKonhKO nOPMKOB HH)I(e 3HaqeHUJI .nHtPtPY3UOHHOH

KOHCTaHThI ("" 1010).
PeaKUHJI C ru.npotP06HOH U;OK TaIOKe BKnlOqaeT B ce6J1 CT3,lJ;H1O.nUtPtPY3HH

XIJ:M OT MHKpOKpHCTanna AgHal K Kanne, B KOTOPOH ca,nep)I(HTCJI U;OK.

B 3aBHCHMOCTH OT aKTUBHOCTU nocne.nHeH H OT MeCTa nOKanU3aUHU peaKUHH

COqeTaHHJI Ha6nlO.naeMaJI CKOpOCTh 06Pa30BaHHJI KpaCUTenR MO)l(eT nH60

3aBHCeTh, nu60 He 3aBuceTh OT 06IUeH nnOIU3,lJ;H reTepOreHHOH tPa3bI, KOTOpaJI

onpe.nenJleTCJI pa3MepOM nOBepXHOCTH Kannu, T. e. ee .nuaMeTPQM.

B nHTepaTYPe onHcaH MaKpOKHHeTUqeCKHH no,lJ;Xo.n K HHTepnpeTauuu

CKOpocTH peaKUHH COqeTaHUJI B .nByxtPa3HOH CHCTeMe, npH KOTOPOM B Ka-

qeCTBe peampylOIUero MeMeHTa paCCMaTpUBaeTCJI He MoneKYna (UOH) U;OK,

a uenHKOM BCJI KafinJl (,lI,HCnepCHaJI qaCTHua). AKTUBHOCTh TaKOH qaCTHUbI

xapaKTepu3yeTcJI nOHJlTHeM «peaKUHOHHOCTh .nucnepcuu» [I, c.35I], npH

3TOM CKOpOCTh 06pa30BaHHJI KpaCUTenJl BbIp~eTCJI KaK

d[~P] = nR[XIJ:M]J([U;OK]/[U;OK]o),

r.ne n - qHCnO .nHcnepCHbIX qaCTHU; f([U;OK]/[U;OK]o) tPYHKUHJI He-

npopeampoBaHHOH .nonH U;OK, 3aBHCJlIUaJI OT HCTUHHOH CKOpOCTU peaKUHH

U CTeneHH npOTeKaHHJI peaKUHH. IlapaMeTp R 3aBHCHT OT pa3Mepa qaCTUUhI,

YBenHqHBaJlCh C pOCTOM nOAApHOCTH paCTBOpHTeJIJI H C pOCTOM pH. KpoMe

TOro, Ha Hero BnHJleT 06mHH 3apSUJ, XHHOH,lJ;HHMHHa. )l.n:JI XHHOH,lJ;HUMHHa

C 3apMOM +1 BenHqUHa R B 100 Pa3 6onhllIe, qeM MJI XIJ:M C 06mHM

HyneBbIM 3apMOM.

HaqanhHaR CT3,lJ;HJI peaKUHH COqeTaHHJI Bcer.na npOTeKaeT npH 60nh-

1lI0M H36hITKe U;OK H, cne.nOBaTenhHO, JlBnJleTCJI nceB.noMoHOMOneKYJIJlpHoH.

B 3aBHCHMOCTH OT aKTUBHOCTU U;OK B03MO)l(HhI .nBa npe.neJIhHhIX CJIyqaJI npo-

TeKaHUJI peaKUHU - JIu60 Ha nOBepXHOCTU KanJIU, JIH60 no BceMy 06beMy.

B CJIyqae nOBepXHocTHOH peaKUHu B KaqeCTBe nepBoro npH6JIu)I(eHUJI MO)I(HO

npHMeHuTh MeTO.n paBHo.nOCTynHoH nOBepxHocTH, paCCMaTpUBaeMhIH B .nHtP-

tPY3UOHHOH KHHeTHKe. CKOPOCTh peaKUHU Ha nOBepXHocTu BhIp~eTCJI KaK

Ws = ks . d, r.ne ks - KOHCTaHTa CKOpOCTU nceB.noMoHOMOJIeKYJIJlpHOH no-

BepXHocTHoH peaKuuH, c' - KOHueHTpaUUJI XIJ:M Ha nOBepXHocTu. B KBa3U-

cTaUHoHapHoM COCTOJIHUH, Kor.na CKOpOCTh nOCTYllJIeHHJI XIJ:M K MecTy peaK-

UUH paBHa CKOpOCTU ero npeBpameHUJI B IqJaCUTeJIh, nOBepXHOCTHaJI KOHueH-

TpauuJI d onpe.neAAeTCR KOHueHTpaUUeH X,UM B BO.nHOH tPa3e Co [95, c.I70]:

, f3Co
c = ks + f3'

r.ne f3 - K03tPtPuuueHT MacconepeHoca XIJ:M K nOBepxHocTH KanJIH. )l.n:JI

KpyrJIhIX qaCTuqeK .nuaMeTpoM d BeJIHqHHa f3 = 2D/d, r.ne D - K03tPtPH-

uueHT .nUtPtPY3HU.
IlpH nepexo.ne OT nOBepXHOCTHOH CKOpOCTH Ws K 06beMHoH W He06xo-

.nHMO yquThIBaTh cpe.nHIOIO nOBepXHocTh KaneJIh S H qHCJIO KaneJIh B e.nHHHue

06beMa n, paBHoe OTHOllieHUIO 06beMHoH .nOJIH OpraHHqeCKOH tPa3hI V
K 06beMy Kannu:

12V·D
W = d(d + 2D/ks) Co·

Ilpu 6bICTpOH nOBepXHocTHoH pe-

aKUUU c' ~ 0, Ha6JIIO.naeMaJI KOHCTaHTa

kH == 12VD/d2, T.e. KBa.npaTUqHO 3a-

BHCHT OT 06paTHoro .nHaMeTpa KanJIH.

IlpH MeMeHHoH CKOpOCTU Ha nOBepx-

HOCTH (ks ~ {3) c' ~ cO H kH ~ 6ksV/d
JIUHeHHO 3aBHCHT OT 06paTHoro .nua-

MeTpa.

ECJIU peaKUHJI nporeKaeT B 06beMe

KanJIU C KOHcTaHTOH kv, H KOHueHTpa-

UUH XUHOH.nUHMUHa B Kanne onpe.ne-

JIJleTCJI K03tPtPHuueHToM pacnpe.neJIe-

HUJI 1/, TO W = kv .1/ . Co, kH = kv . 1/,
T. e. Ha6JIIO.naeMaJI KOHCTaHTa He 3aBH-

CUT OT pa3Mepa KanJIH.

6bIJIa u3yqeHa KHHeTUKa peaKUUH

COqeTaHHJI B .nByxtPa3HOH CUCTeMe MJI

ManhIX CTeneHeH npeBpameHUJI U;OK

B 3aBUCUMOCTH OT CTpYKTYPhI U;OK

[1, c.352}. 3aBHcuMocTU Ha6JIIO.naeMhIx KOHCTaHT CKopocTeH nepBoro no-

PSUJ,Ka OT y.neJIhHOH nOBepxHocTH KaneJIh 3MYJIhCHU (1/ d) YKn3,lJ;hIBanHCh

B CJIe.nYlOmue paccMOTpeHHhIe npe.neJIhHhIe CJIyqau (CM. pHC. 158).

PRe. 158. 3aBucuMoCTb KOHCTaHTbI
CKOpOCTHCOqeTaHHR OT pa3Mepa KarreJIb
3MYJIbCUU lJ,OK Ha paHHHx CTll,ZUUIXpe-

aKUHH [1, c. 352]



KplfBaH 1 - KBlmpaTHqHaH 3aBHCHMOCTh OT lid; OqeHb 6hICTPaH nOBepx-

HOCTHaH peaKUHH, COOTBeTcTBylOIUaH npoueccy (142):ce5-CONH(CH,).0-o-C,HW""". + ~

CSH11-TpeT. Y
+N(C2Hsh

KOHueHTPaUHH XHHOH)J.HHMHHa Ha nOBepXHOCTH 6JIH3Ka K HyJIIO. )lH!I>!I>Y3HH

X)l11 H3 BOJlHOrO pacTBopa K nOBepXHOCTH KanJIH JIHMHTHpyeT CKOpOCTh

peaKUHH. TaKHM 06pa30M, MH aKTHBHhIX UOK CKOpOCTh peaKUHH OqeHh

CHJIhHO 3aBHCHT OT d. 3T0 pealIhHhIH CJIyqaH MJI npHMeHJIeMbIX UOK.

KpHBaH 2 - JIHHeHHaH 3aBHCHMOCTh OT lid MJI peaKUHH (143):

Cl¢OH Y2H
S ~ o-NH

H C: NHCOCH0)=l CsHwTpeT. + I I CH3

3 CsHWTpeT.
Cl +N(C2HSh

COqeTaHHe npOTeKaeT Ha nOBepXHOCTH KanJIH H JIBJIJIeTCJI JIHMHTHpYIOIUeH

CTlmHeH. 3TOMY cnOc06cTByeT 3JIeKTPOHOaKUenTOpHbIH 3aMeCTHTeJIh B U.OK

H 3JIeKTPOHOJlOHOPHhIH 3aMeCTHTeJIb B X)lM.

KPHBaH 3 - cJIa6aH 3aBHCHMOCTh OT lid; CKOpOCTb COqeTaHHH MH

peaKUHH (144) MalIa.

~ ~ H31)NH
CH3

~ CONH(CH2)40 >=J CsHwTpeT.+ I I
CsHwTpeT.

, +N(C2Hsh
XHHOHJlHHMHH ycneBaeT npoHHKHyTh B KanJIIO H pacnpeJleJIHThCH no ee

06beMY. C pOCTOM YJleJIhHOH nOBepXHOCTH Ha6JIIO)J.aeMaH CKOpOCTb BbIXOJlHT

Ha HaCblIUeHHe. YMeHhweHHe CKOpOCTH peaKUHH COqeTaHHH )J.OCTHraeTCH

BBeJleHHeM 3JIeKTPOHOJlOHOPHbIX (CH3) 3aMeCTHTeJIeH B MOJIeKYJIy X)l11.

TIo Mepe npOTeKaHHH peaKUHH H paCXO)J.OBaHHH UOK KHHeTHKa 6Y)J.eT

OTKJIOHHTbCH OT nceB)J.onepBoro nOPJIJlKa H Tor)J.a He06xoJlHMO yqHThIBaTb

!l>YHKUHIO f([UOK]/[UOK]o). TIPH 3TOM Jlrotee JlJIJI aKTHBHbIX UOK XHHOH-

JlHHMHH 6YJleT npOHHKaTb B KanJIlO H KHHeTHKa peaKUHH YCJIO)KHHeTCH.

HaKOHeu, B nOCJIe)J.HHe ro)J.hI Bce 60JIee WHpOKoe npHMeHeHHe HaxO-

JlHT nOJIHMepHbIe (JIaTeKCHhIe) He)J.H!I>!I>YH)J.HpYIOIUHe UOK. B 3TOM CJIyqae

3aKpenJIeHHe UOK B CJIoe JlOCTHraeTCH 3a CqeT XHMHqeCKoro CBH3bIBaHHH aK-

THBHoro COqeTalOIUerOCH JIJlpa UOK C nOJIHMepHOH MOJIeKYJIOH. TIOJIHMepHbIe

KOMnOHeHTbI B BHJle BO)J.HbIX JIaTeKCOB nOJIyqalOT 3MYJIbCHOHHOH nOJIHMepH-

3aUHeH MOHOMepHbIX UOK, COJlep)lffiIUHX BHHHJIbHhle HJIH MeTaKpHJIaMH)J.Hble

rpynnbI. TIpHMep nypnypHOH nOJIHMepHOH KOMnOHeHTbI !l>HPMhI <1>YJl3HnpH-

Be)J.eH HH)I(e:

TIOJIHMepHbIe KOMnOHeHThI B BHJle JIaTeKCOB BBO)J.JIT B !l>oTOrpa!l>HqeCKHe

3MYJIbCHH. TIpeHMYIUeCTBOM JIaTeKCHhIX UOK HBJIJIeTCH 60JIhWee COJlep)l(a-

HHe aKTHBHhIX ueHTPOB Ha e)J.HHHUY MaCChI rH)J.pol1>06Horo OpraHHqeCKOrO

BeIUeCTBa, qTO n03BOJIHeT BBO)J.HTh B CJIOH MeHhwee KOJIHqeCTBO BeIUeCTBa

H TeM caMbIM YMeHbwaTb TOJIIUHHy 3MYJIhCHOHHOro CJIOJI, onpeJleJIJIIOIUYIO

ero CTPYKTYPHo-pe3KOCTHhIe xapaKTepHCTHKH.

B pe3YJIhTaTe peaKUHH COqeTaHHJI

BOKpyr MHKpOKpHCTaJIJIa AgHal 06pa3Y-

eTCH 06Jla'lIW "pacumeJlJl. Pa3MephI 06-

JIaqKOB H KOJIHqeCTBO KpaCHTeJIJI B Ka-

X<JI.OM 06JIaqKe onpe)J.eJIJIIOT KaqeCTBO

H306proteeHHH. CTPYKTYPa 06JIaqKa Kpa-

CHTeJIJI onpeJleJIHeTCH COOTHoweHHeM

cKopocTeH peaKUHH C yqacTHeM XHHOH-

JlHHMHHa: COqeTaHHH, KOHKypHpylOIUHX

peaKUHH 6e3 06pa30BaHHJI KpaCHTeJIeH,

a TaK)l(e JlH!I>!I>Y3HH. PaHbwe paCCMaTPH-

BaJIOCb, KaK BJIHJIeT H3MeHeHHe COOTHO-

weHHH CKopocTeH COqeTaHHH H n060q-

HbIX peaKUHH C HYKJIeo!l>HJIbHbIMH areH-

TaMH Ha oTHOCHTeJIbHbIH BbIXO)J. KpaCH-

TeJIH. ECTecTBeHHo, qTO 3TH )I(e npHqH- PIle. 159. PaCClJ:HTaHHble llJlOTHOCTI1

HhI BJIHHIOT Ha CTPYKTYPY 06JIaqKa Kpa- KpaCI1TeIDI B rrpOeKUHI1 06JlalJ:Ka
CHTeJIH. [1, c.355]. nR: 1 - lOs, 2 - 103,

PacnpeJleJIeHlie nJIOTHOCTH KpaCI1- 3 - 10
5
, 4 - 10

3
; k : 1 - 10

3
, 2 -

TeJIH no 06beMy 06JIaqKa paCCqHTbIBa- 10
3
, 3 - 10

5
,4 - 1O~; Kp/2Al: 1 -

JIM, OCHOBbIBaHCb Ha MOJleJIH c!I>epHqeC- 0,4, 2 - 0,26, 3 - 0,026, 4 - 0,0053

KH CHMMeTPHqHOH L\H!I>!I>Y3HH X)l11, cOnpOBOX<JI.aeMOM XHMHqeCKHMH peaK-

UMHMH. TIpoHBJIHeMbIH MI1KpOKpHCTalIJI AgHal paccMaTPHBalIH B BHL\e c!I>epbI

Pa.zJ,HYCOMTO = IMKM, a nJIOTHOCTb KpaCHTeJIH Ha nJIOIUlmH npoeKUHH 06JIalJ:-

"'::Ii 0,4

1
0:
~ 0,2



Ka paCCql1TbIBaJUI B 3aBI1CI1MOCTI1 OT ql1CJIa n, aKTI1BHOCTI1 KaneJIb C KOMnO-

HeHTOH R 11 0606meHHOH KOHCTaHTbI n060qHbIX peaKUI1H kn [1, c. 355].

ComacHo paCqeTaM (Pl1c. 159) npl1 paBHoH CKOpOCTI1 n060qHbIX peaKUI1H

C YBeJIl1qeHl1eM CKOpOCTI1 coqeTaHI1$1 B03pacTaeT pe3KOCTb 06JIaQKa npl1 OJJ.HO-

BpeMeHHOM YBeJII1QeHl111 nJIOTHOCTI1 KPaCI1TeJI$I (KPI1Bble 1 11 2). YBeJII1QeHl1e

pe3KOCTI1 npH nOCTO$lHHOH CKOpOCTI1 COQeTaHI1$1 JJ.OCTHraeTC$I YBeJII1QeHHeM

CKOpOCTl1 n060QHbIX peaKUHH (KPHBble 1 H 3), HO npl1 3TOM CHJIbHO naJ].aeT

nJIOTHOCTb KPaCI1TeJI$I. XapaKTepHO, QTO YBeJIHQeHHe CKOpOCTI1 rr060QHbIX pe-

aKUHH CHJIbHee CKa3bIBaeTC$I Ha BbIXOJJ.KpaCI1TeJI$I (Kp/2Ag°), QeM yMeHbwe-

HHe CKOpOCTH COqeTaHI1$1 (KPI1Bble 3 H 2). MHKPOCKOnl1QeCKl1e HCCJIeJJ.OBaHH$I

HHJJ.I1BHJJ.YaJIbHbIX06JIaQKOB KPaCI1TeJIeH, 06pa3YIOml1xc$l113 pa3JIHQHbIX lJ,OK,

rrpHBeJIH K KOJII1QeCTBeHHOMY cotJIaCI1IO 3KcnepHMeHTaJIbHbIX H paCQeTHbIX

BeJIHqHH.

§ 11. PeryJIHpOBaHHe nponecca nBeTHoro
npmlBJIeHIDI. UBeTHbie KOMnOHeHTbl
C 4JoTorpa4JH1IeCKH aKTHBHblMH rpynnaMH

Yxe OTMeQaJIOCb, qTO B3aHMOJJ.eHCTBl1e 2-x 3KBI1BaJIeHTHblX UBeTo06pa3y-

IOml1X KOMrrOHeHT C XHHOHJJ.I1HMHHOM BKJIIOQaeT B ce6$1 CTaJ].I1IO OTmeIIJIeHI1$1

OT JIeHKOKPaCHTeJI$I aHI10Ha x- (CM. cxeMy (130)). YCJIOBHO 3TO MO:lKHO

Bblpa3HTb yrrpomeHHOH cxeMoH (145):

ow
lJ,OK -X + X)],11 -- Kp + X-,

me lJ,OK -X - 2-x 3KBI1BaJIeHTHa$l KOMrrOHeHTa C OTwenJI$leMOH rpynrroH X;
Kp - KpaCI1TeJIb 11306paxeHI1$1. OTMeQeHHoe CBOHCTBO 2-x 3KBHBaJIeHTHbIX

KOMrrOHeHT HaWJIO OqeHb BaXHoe npl1MeHeHHe B COBpeMeHHbIX UBeTHbIX

<!>oToMaTepHaJIax. B TOM CJIyqae, eCJIH OTwerrAAeMM rpyrrrra X- 06JIaJ].a-

eT <!>oTorpa<!>I1QeCKOH aKTHBHOCTbIO, Harrpl1Mep, aJ].Cop6HpyeTc$I Ha AgHal,

OHa MoxeT BJIl1$1Tb Ha rrpouecc npO$lBJIeHH$I. TaKHM 06pa30M, peQb HJJ.eT

o peryJIl1pOBaHl111 UBeTO<!>OTorpa<!>I1QeCKOrO npouecca C nOMOmbIO <!>OTorpa-

<!>HQeCKH aKTI1BHbIX rpynn (et>Af = X). BeIUeCTBa, OTIUerrJI$lIOIUl1e rpyrrnbI,

BJIl1$1IOIUHe Ha rrpO$lBJIeHHe, rrp"MeH$lIOTC$I TaK:lKe B QepHo-6eJIbIX <!>OTOMa-

Tepl1aJIax. B 06IUeM CJIyqae, B 3aBI1CI1MOCTI1 OT CTPoeHH$I et>Af OHa MoxeT

OKa3bIBaTb pa3JII1QHOe BJIl1$1HHe Ha np0$lBJIeHl1e: JII160 TOPM03HTb np0$lBJIeHl1e,

JIH60, Ha060poT, yCKOp$lTb era. 3TO onpeJJ.eJI$leT JJ.eJIeHl1e lJ,OK-et>Af Ha JJ.Be

OCHOBHbIe rpynrrhI - DIR- 11 DAR-KoMrrOHeHTbI.

ITPI1 H3rOTOBJIeHI111 COBpeMeHHbIX HeraTI1BHbIX UBeTHbIX <!>oToMaTepl1aJIOB

Wl1pOKoe pacrrpOCTPaHeHl1e rrOJIyqHJII1 TaK Ha3bIBaeMbIe DIR-KoMnoHeHTbI

(DIR - a66peBI1aTYPa OT Development Inhibitor Releasing - ocBo60)KJJ.e-

Hl1e HHrn6HTopa rrpO$lBJIeHI1$1), OTIUerrJI$lIOIUl1e B KaqeCTBe et>Af coeJJ.HHeHl1e,

I1Hrn6HpYIOIUee peaKUI1IO BOCCTaHOBJIeHH$I AgHal, T. e. 3aMeJ].JI$lIOIUee npo-

$IBJIeHl1e. BrrepBbIe OHI1 6bIJIH Orrl1CaHbI B 1969 r., a HaWJII1 rrpHMeHeHHe yxe

B 1972 r. B UBeTHoH HeraTI1BHOH nJIeHKe <!>I1PMbI KOJJ.aK. CxeMa JJ.eHCTBI1$1

DIR-KoMnoHeHTbI nOKa3aHa Ha pHC. 160. ITPH COQeTaHl111 DIR-KOMrrOHeHTbI

C XHHOHJJ.I1I1MI1HOM (CTaJ].I1$1II) 06pa3yeTc$I KpaCHTeJIb 11 BbIJJ.eJI$leTC$II1Hrn611-

TOP np0$lBJIeHI1$1 (I1IT), KOTOpbIH JJ.11<!><!>YHJJ.l1pyeTK coceJJ.HeMy, eIUe Herrpo-

$IBJIeHHoMy MIKPOKP"CTaJIJIY AgHal (CTaJ].I1$1III) 11TOpM0311T ero rrp0$lBJIeHl1e

(CTaJ].H$I IV). B KaQeCTBe I1Hrn611TopoB rrp0$lBJIeHI1$1 rrpI1MeH$lIOT pa3JIHqHbIe

coeJJ.I1HeHH$I 11, B nepByIO OqepeJJ.b, H3BeCTHbIe aHTHBYaJIl1pYIOIUl1e BeIUe-

CTBa - <!>eHI1JIMepKaIITOTeTPa30JI (et>MT) H 6eH30TPI1a30JI (ET). B KaqeCTBe

npl1Mepa npHBeJJ.eM peaKUI1IO C rOJIy60H DIR-KoMrroHeHToH, OTIUerrJI$lIOIUeH

aHHOH et>MT:

OH NH
r'Y)-CONHR' + () ~

~-<'N-N YS' II +N(RhN-N
IC6Hs

DIR-KoMnoHeHTa X,lJ;11

B JIHTepaTYPe paCCMaTPI1BaeTC$I HeCKOJIbKO MexaHH3MOB TopMOXeHI1$1

np0$lBJIeHH$I noJJ.JJ.eHCTBl1eM I1IT [95, c. 190]. ITpe)I(JJ.e Bcero B03MOXHa aJ].cop6-

UH$I HHrH611Topa npOHBJIeHHH Ha paCTYIUeH cepe6pHHoH HHTI1, ee 6JIOKHpOBa-

HHe 11TeM caMbIM TopMoxeHHe npOHBJIeHI1$1. BaXHYIO POJIb MoxeT I1rpaTb aJJ.-

cop6ul1$1 I1IT Ha nOBepXHOCTI1 rrp0$lBJI$leMOrO MHKPoKPHCTaJIJIa AgHal c 06pa-

30BaHHeM coeJJ.I1HeHI1H, KOTopoe BOCCTaHaBJIHBaeTCH TPYJJ.Hee, QeM AgHal.

DJIOKHpOBaHl1e caMora ueHTPa npOHBJIeHI1$1 aJJ.COp6I1pOBaHHoH Ha HeM MOJIe-
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KYJIOHHn TaIOKe MoxeT 6hITb O.nHOHH3 npHqHH TopMO)J(eHHH npOHBJIeHHH.
BepOHTHO, TOHKHH MexaHH3M .neHCTBHHHHrn6HTopa 3aBHCHTOTero CTPoeHHH.

KaK npaBHJIO, B KaqeCTBe 3aMelllaeMOH rpynnbl DIR-KoMnoHeHT BbICTy-
naIOT aHHOHbI, 06pa3YIQlllHe C HOHOM cepe6pa coe.nHHeHHH C MeHbWHM npo-
H3Be.neHHeMpaCTBopHMOCTH, qeM y COOTBeTCTBYIOIllHXraJIOreHH,nOB cepe6pa.
3To 06hIqHO a3OTCo.nepxalllHe rerepOUHKJIbI HJIH cepoco,nepxalllHe coe.nHHe-
HHH. B KaqeCTBe npHMepa HHxe npHBe.neHhI npOH3Be.neHHH paCTBopHMOCTH
COJIeH cepe6pa C HcnOJIb3yeMbIMH DIR-oCTaTKaMH [1, c. IS}. KaK BH,nHO,
3TH BeJIH'IHHbI HF1HeCKOJIbKOnopSlUKOB MeHbwe npOH3Be.neHHH paCTBOpHMO-
CTHAgHal. '1

TOpM03Hlllee .neHCTBHe DIR-ocTaTKa npHBO,nHT K HenOJIHoMy BOCCTa-
HOBJIeHHIO MHKPOKPHCTaJIJIOBAgHal, YMeHbweHHIO ,nHaMeTPa 3epeH MeTaJI-
JIHqeCKoro cepe6pa, qTO H 06yCJIaBJIHBaeT YMeHbWeHHe pa3Mepa UBeTHoro
06JIaqKa KpaCHTeJIH BOKpyr cepe6pHHbIX 3epeH, KaK 3TO yCJIOBHOnOKa3aHO
Ha pHC. 161. 3ro cnoc06cTByeT YMeHbweHHIO 3epHHCTOCTH(rpaHYJIHpHocm)
H306paxeHHH. 3aMeMHIOlllee .neHcTBHeHHrn6HTopa npOHBJIeHHHCKa3bIBaeTCH
Ha yqacTKaX C 60JIbWOH 3Kcn03HuHeH, Kor.na B pe3YJIbTaTe peaKUHH C 60JIb-
WHM KOJlHqeCTBOM)(,[(H B CJIoe 06pa3yeTcH yaeJIHqeHHaH KOHueHTPaUHH Hn.
3TO BhIpaxaeTcH B CHHxeHHH K0341<l>HUHeHTaKOHTPaCTHOCTHH B yBeJIH'IeHHH
4l0rorpa41HqeCKOH WHpOTbI CJIOH(pHc.162). TaK KaK KOHueHTPaUHH HHrn-
6HTopa B npouecce npOHBJIeHHH B yqacTKaX, nOJIyqHBwHX 60JIbWHe ypOBHH
3Kcn03HUHH, 6y.neT .nOBOJIbHOBbICOKa,TOnpOHBJIeHHe 3aMeMHeTCH He TOJIbKO
B CHJIbHO3KcnOHHp0BaHHbIX yqacTKaX ClIOH, HO H B CMe)I(HbIX C HHMH cJIa60
3KcnoHHpoBaHHbIx 3a CqeT 60KOBOH .nH4141Y3HHB ClIoe HHrn6Hropa npOHBJIe-
HHH. 3ro npHBo.nHT K YBeJIHqeHHIOpe3KOCTH KPaH H306paxeHHH Ha UBeTHbIX
4I0T0MaTepHaJIax, T. e. K yJIyqweHHIO pe3KocTH.

§ 12. DIR-KoMnoHeHmbl 251

UOK+DIR [J Kp [J0 0 0
IAgH~ 0 0 0
0 Ll 0 Ll 0
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~

~., •..•..c.•.,....",.~

oo
ill N
PIIc.160. CxeMa .neHCTBIDI DIR-KOMIIOHeHTbI

PIIc.16l. 3epHHcTocTb UBeTHoro H306pa-
xeHIDI 6e3 (- DlR) KOMIIOHeHTbI (1) H
B IIpHCyrCTBHH (+DIR) KOMIIOHeHTbI (2)
[Ill]

PHC. 162. XapaKTepHCTH'leCKHe KpH-
Bble <pOTOCJIoeB, co.nep:lKllIUHX U:OK
HH,nHBH.llYaJIbHO (1) H B IIpHCyrCTBHH
DIR-KoMIIoHeHTbI (2)

H.neH HCnOJIb30BaHHH DIR-ocTaTKoB 6bIJIa pa3BHTa B BapHaHTe npHMe-
HeHHH BMeCTODIR-KoMnoHeHT DIR-coe.nHHeHHH, KOTopbIe npH B3aHMo.neH-
CTBHHC XHHOH.nHHMHHOMBhI.neJIHIOTHn H o6pa3YIOT 6ecUBeTHbIe npo.nyKTbI
COqeTaHHHBMeCTOKPacHTeJIH, HanpHMep:
17*
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IlpH 3TOM BMeCTO Tpex pa3HhIX no «UBeTY» DIR-KoMnoHeHT BO Bee CJIOH

MO)KHO BBO.nHTh O.nHO DIR-coe.nHHeHHe H .nOCrn'lh TOro xe pe3YJIhTaTa. B TO

xe BpeMH CHHTe3 DIR-coe.nHHeHHH HaMHoro npow;e, 'IeM CHHTe3 DIR-

KOMnOHeHT.

<l>oTOrpaQ>H'IecKoe .neHCTBHe DIR-ocTaTKoB B 3Ha'lHTeJIhHOH Mepe onpe-

.neJIHeTCH HX .nHQ>Q>Y3He}j:. B TOM CJIyqae, eCJIH HHrn6HTophI npOHBJIeHHH

06JIa.naIOT nOBhIweHHOH .nHQ>Q>yH,lJ,HpyeMocThIO, TO HX BJIHSlHHe 6y.neT npo-

SlBJISlThCH He TOJIhKO B TOM CJIoe, r.ne co.nep)I(HTCSI DIR-KoMnoHeHTa (HJIH

DIR-coe.nHHeHHe), HO H B coce.nHHX CJIOSIX. Pe'lh H,lJ,eT 0 MeXCJIOHHhIX 3Q>-

Q>eKTax, KOTophIe O'leHh BaxHhI MSI yJIyqweHHSI UBeTo.neJIHTeJIhHhIX CBOHCTB

Q>OTOMaTepHaJIOB. Ha 3TOM MhI OCTaHOBHMC~ n03xe, Kor.na 6y.neM paCCMa-

TpHBaTh 3Q>Q>eKThI MaCKHpOBaHHSI.

3Ha'lHTeJIhHO 60JIhWHe B03MOXHOCTH B peryJIHpOBaHHH DIR-3Q>Q>eKToB

npe.nOCTaBJIHIOT TaK Ha3hIBaeMhIe DIR-KOMnOHeHThI C peryJIHpyIOWHMH ("tim-

.•• ing") rpynnaMH [122]. IlpHMeHeHHe 06hI'IHhIX DIR-KoMnoHeHT cyw;ecTBeHHo

orpaHH'IHBaeT ynpaBJIeHHe BpeMeHeM H CKOpOCThIO OTw;enneHHH HIl, a TaKXe

CKOpOCThIO .nHQ>Q>Y3HH HHrn6HTopa npOSlBJIeHHSI. BepHee, H3MeHeHHSI 3THX

napaMeTpoB B CJIyqae Tpa.nHUHOHHhIX DIR-KoMnoHeHT MOXHO .n06HThCH JIHWh

MO.nHQ>HKaUHeH CTpYKTYPhI OCHOBHOH KOMnOHeHThI HJIH HIl, 'ITO, B CBOIO o'le-

pe.nh, MoxeT npHBeCTH K cyw;ecTBeHHhIM H3MeHeHHHM pSl,lJ,a.npyrnx BaxHhIX

xapaKTepHCTHK, BKJIIO'IaH UBeT KpaCHTeJISI H306paxeHHSI H peaKUHoHHyIO cno-

C06HOCTh HIl. YKa3aHHhle He.nOCTaTKH 6hIJIH npeo.nOJIeHhI npH HCnOJIh30Ba-

HHH timing-rpynn. 3TH rpynnhI O.nHHM KOHUOM npHcoe.nHHeHhI no aKTHBHoMy

nOJIOXeHHIO KOMnOHeHThI, a .npyrnM CBSl3aHhI C OCTaTKOM HHrn6HTopa npo-

SlBJIeHHSI, TaK'ITO Q>OPMaJIhHO CJIyxaT coe.nHHHTeJIhHOH rpynnoH MeJK,lJ,yU;OK
H HIl. B xo.ne UBeTHoro npOSlBJIeHHSI y KOMnOHeHT 3Toro THna BHa'laJIe npOHC-

XO.nHT pa3phIB CBSl3H MeJK,lJ,yKOMnOHeHTOH H peryJIHpYIOw;eH rpynnoH. Ha CJIe-

.nYIOweM 3Tane peryJIHpyIOw;aSl rpynna C OCTaTKOM HIl no.nBepraeTCSI peaKUHH

BHyTpHMOJIeKYJISlpHOrO npeBpaw;eHHH C 06pa30BaHHeM cTa6HJIhHoro npo.nyK-

Ta H HHrn6HTopa npOSlBJIeHHSI. H3MeHSISI CTpOeHHe peryJIHpyIOw;eH rpynnhI,

MOXHO H3MeHSlTh KHHeTHKY npouecca KaK Ha nepBOH, TaK H Ha BTOpOH CTa.nH-

SIX H, CJIe.nOBaTeJIhHO, peryJIHpOBaTh BpeMSI H CKOpOCTh BhmeJIeHHH HIl. IlpH

3TOM CTpYKTYPhI OCHOBHOH KOMnOHeHThI H HIl OCTaIOTCSI HeH3MeHHhIMH.

B Ka'leCTBe npHMepa npHBe.neM npeBpaw;eHHe DIR-ocTaTKa C timing-

rpynnoH, CBSl3aHHOH C Q>eHHJIMepKanTOTeTpa30JIOM:

UOK
I0-0 N-N

, I CH2-S-<~_A

C6Hs
N02

C;O-"ICH~-<N-~ ¢r0 CH2 - -<N-N
N-N --- + S "I N~N
C6Hs I

N02 N02 C6Hs
B pe3YJIhTaTe BhI,lJ,eJIeHHH H3 DIR-ocTaTKa XHHOHMeTH.na ocB060JK,lJ,aeTCH HH-

rn6HTOp npOSlBJIeHHSI - aHHOH Q>eHHJIMepKanTOTeTpa30JIa. Ew;e 60JIee MHOro-

CTYneH'IaTaSI peaKUHH npeBpaw;eHHSI DIR-OCTaTKa C timing-rpynnoH nOKa3aHa

Ha cxeMe (150)



no 3TOH cxeMe, OTIueIIJHllOlIUfHCH OT UOK <pparMeHT MOJIeKYJIbI B llIeJIOqHOM

paCTBope npOHBHTeml nOCJIe)J,OBaTeJIbHO yqacTByeT B )J,ByX peaKIIHHX, CHaqaJIa

C 06pa30BaHHeM <popMaJIb)J,erH)J,a, a 3aTeM N-MeTeHaMH)J,a n-TOJIyHJIOB()H

KHCJIOTbI.

DIR-KOMnOHeHTbI C timing-rpynnaMH, OTllIenJIHIOllIHe l1n C 3Mep)J(KOH

BO BpeMeHH H Ha HeKOTopOM paCCTOHHHH OT MeCTa 06pa30BaHHH KPaCHTeJIH

H306pa)J(eHHH, OKa3bIBalOT 60JIee BblpaxeHHbIH BHYTPH- H Me)J(CJIOHHbIH 3<p-

<peKTbI npOHBJIeHHH, qTO n03BOJIHeT nOJIyqaTb IIBeTHble HeraTHBHble nJIeHKH

cnOBbIIlleHHOH pe3KOCTbIO H yJIyqIlleHHoH IIBeTonepe)J,aqeH.

B nOCJIe)J,Hee BpeMH Be)J,YIlIHe <pOTorpa<pHqeCKHe <pHPMbI npHMeHHIOT

npH H3rOTOBJIeHHH IIBeTHbIX HeraTHBHbIX <pOTOMaTepHaJIOB TaK Ha3bIBaeMble

cynep-DIR-KOMnOHeHTbI (Super DIR-coupler) (122]. 3TH coe)J,HHeHHH HMe-

lOT ellIe O)J,HO BaxHoe )J,OCTOHHCTBO - OTllIenJIHeMbIH OT HHX DIR-ocTaToK

rH)J,pOJIH3yeTcH B llIeJIOqHOH cpe)J,e (TO)J(e C BpeMeHHOH 3Mep)J(KOH), nOCJIe

qero OH TepHeT CBOHCTBa HHfH6HTopa npOHBJIeHHH. 3T0 OqeHb BaxHO npH

MHoroKpaTHoM HCnOJIb30BaHHH npOHBJIHlOllIHX paCTBopOB, HanpHMep npH

MaIIIHHHOH 06pa60TKe <pOTOMaTepHaJIOB, 6e3 OCJIa6JIeHHH HX aKTHBHOCTH.

B OTJIHqHe OT 06blqHbIX l1n, HaKonneHHe KOTOpbIX B npOHBHTeJIe B npOllecce

ero 3KCnJIyaTaUHH BJIHHeT Ha KHHeTHKY npOHBJIeHHH, npO)J,yKTbI fH)J,pOJIH-

3a DIR-ocTaTKoB H3 cynep-DIR-KoMnoHeHT <pOTOrpa<pHqeCKH HeaKTHBHbI.

HaH60JIbillee npHMeHeHHe B KaqeCTBe TaKoro DIR-ocTaTKa HailleJI <peHoKcH-

Kap60HHJI6eH30TpHa30JI, rH)J,pOJIH3yIOIlIHHcH no cxeMe (151):;NO OH- ;NO
N I ? --- N I? + C6HsOH'N C-O~~ 'N C-OH

ECJIH <peHoKCHKap60HHJI6eH30TPHa30JI HBJIHeTCH 3<p<peKTHBHbIM HHfH6HTO-

pOM npOHBJIeHHH, TO ero Kap60KCHnpOH3BO)J,Hoe He 06JIMaeT 3THM CBOHCTBOM.

,llrrH cYIllecTBeHHoro nOBbIIlleHHH CBeTOqYBcTBHTeJIbHOCTH IIBeTHbIX He-

raTHBHbIX <pOTOMaTepHaJIOB pH)J, <pHpM B nOCJIe)J,Hee BpeMH npHMeHHeT TaK

Ha3bIBaeMble DAR-KoMnoHeHTbI (DAR - a66peBHaTypa OT Development Ac-

celerator Releasing - oCB060)J()J,eHHe yCKopHTeJIH npOHBJIeHHH) [112]. 3TH

KOMnOHeHTbI pa3pa60TaHbI B HaqaJIe 80-x rr. CxeMa )J,eHCTBHH aHaJIOfHqHa

cxeMe )J,eHcTBHH DIR-KoMnoHeHT C TOH pa3HHlleH, qTO npH COqeTaHHH C XH-

HOH)J,HHMHHOM BbI)J,eJIHeTCH He HHfH6HTOP, a aKTHBaTOp npOHBJIeHHH (An)

HJIH ByaJIeHT (B), KOTopble )J,H<P<PYH)J,HPYIOTK He)J,03KcnOHHpOBaHHoMy HJIH

K He3KcnOHHpOBaHHoMy MJilKpOKpJilCTaJIJIy AgHal. B CJIyqae He3KCnOHJilpOBaH-

HOro MJilKPOKPJilCTaJIJIa AgHal OTllIenJIHlOllIaHCH OT UOK rpynna ByaJIJilpyeT

ero. n03TOMY JilHor)J,a TaKJile DAR-KoMnoHeHTbI 0603HaqalOTCH eille KaK FR-

KOMnOHeHTbI (Fog Releasing, q)JilpMa <l>Y)J,3Ji1).Kor)J,a MJilKpOKPHCTaJIJI He)J,03KC-

nOHJilpOBaH, T. e. Kor)J,a Ha HeM JilMeeTCH HenpOHBJIHeMbIH cy611eHTP CKPbITOro

Jil306paxeHHH, DAR-ocTaToK BbICTYllaeT B pOJIH aKTHBaTOpa npOHBJIeHHH,

T. e. cnoc06cTByeT )J,OCTPaHBaHHIO 3Toro lleHTPa )J,o lleHTPa npOHBJIeHHH (J1a-

TeHCJiI<pJilKaUJilH el1). TaKHM 06pa30M, DAR-oCTaTKJiI 3a CqeT YBeJIHqeHHH

qHCJIa lleHTPOB npOHBJIeHHH HJIH lleHTPOB ByaJIH cnoc06CTBYlOT YBeJIHqeHHIO

KOJIHqeCTBa 06pa3YlOllIerOCH B e)J,HHHllY BpeMeHH XJilHOH)J,HHMHHa H KaK

CJIe)J,CTBHe, pOCTY cBeroqYBCTBHTeJIbHOCTH. 3To HJIJIIOCTPHpyeTcH PH~. 163.

DJIaro)J,apH npHMeHeHHIO DAR-KoMnoHeHT CBeTOqYBCTBHTeJIbHOCTb IIBeTHbIX

HeraTHBHbIX nneHOK B03pOCJIa )J,O npH6JIH3HTeJIbHO 3000 e)J,. ISO (nJIeHKa

GX-3200 <pHPMbI KOHHKa). HapMY C YBeJIHqeHHeM CBeTOqYBcTBHTeJIbHOCTH

Ha6JIIO)J,aeTcH nOBhIIlleHHe Ko3<l><PHIIHeHTa KOHTPaCTHOCTH H YMeHbIlleHHe

3epHHCTOCTH H306paxeHHH.
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PHc.163. CxeMa .lleHCTBIDI DAR-KOMllOHeH-
TbI. nOCJIe B03.lleHCTBIDI CBeTa Ha MJilKpoKpH-
CTaJIJIAgHal (CTlUlHH I) B rrpouecce rrpoRBJIe-
HIDI (CTaJIHH II) npH peaKUHH XHHOH.llHJiI-
MJilHa (X,lJ.I1) C DAR-KoMrrOHeHToH 06pa3Y-
eTCH KpaCHTeJIb (Kp) JiI OTIueITJIHeTCRDAR-
OCTaTOK - ByaneHT (B). ByaneHT C03.llaeT
ueHTpbI rrpORBJIeHJoUIHa 6JIJil3JIe)((aIUJilXHe-
3aCBe'leHHbIX MHKpOKpJilCTaJIJIax AgHal (cTa-
.llJoUIIII). B pe3YJIbTaTe 06pa3yeTcH .llorrOJI-
HJilTeJIbHOe KOJIH'IeCTBO X,LU1 1-1, KaK CJIe.ll-
CTBJile,B03paCTaeT o6IUee KOJIH'IeCTBOKpaCJiI-
TeJIH H306p3)((eHJilR (CTaJIJoUIIV)

B KaqeCTBe DAR-ocTaTKoB MOryT CJIY)J(HTb ByaJIHpylOllIHe areHTbI, cno-

C06Hble nepe)J,aBaTb 3JIeKTPoH He3aCBeqeHHbIM MJilKPOKpJilCTaJIJIaM AgHal,

JIH60 cepoco)J,epxallIHe coe)J,HHeHHH C JIa6HJIbHOH cepoH, KOTopble MOryT

yqacTBoBaTb B 06pa30BaHHH cepHHcTocepe6pHHbIX lleHTPOB ByaJIH. Cpe)J,H

cepycO.llepxallIHx coe,llHHeHHH 3anaTeHToBaHbI, HanpHMep, OCTaTKH THOMO-

'1eBHHbI, THOaMH)J,OB, THoKap6aMaToB, pO)J,aHHHoB, THorH)J,aHTOHHOB H )J,p.



npaKTHqecKoe npHMeHeHHe HalllJm npOH3BO,n:Hble m.n:pa3HHa H, npe)l{)le Bce-
ro, ¢leHHJI<popMHJIm.n:pa3HHa·0 ~ONH-NH-C

_ 'H

<l>oTorpa<pHqecKoe ,n:eHCTBHeTaKHX DAR-oCTaTKOB OCHOBaHO Ha TaK Ha3bI-
BaeMOM m.n:pa3HHOBOM 3<P¢leKTe, OTKPblTOM IIITay¢l<pepoM C COTPy.n:HHKaMH
B 1944 r. [113]. CqHTaeTCH, qTO m,n:pa3HHOBbIH 3<p<peKT HBJ1HeTCHpa3HOBH,lJ.-
HOCTbIO--HH¢leKUHOHHoro npOHBJIeHHH. Dbillo nOKa3aHO, qTO npH .n:06aBJ1eHHH
B npOHBHTeJIb rH,lJ.pa3HHa H ero npOH3Bo,n:HbIX Ha6mo.n:aeTcH YBeJIHqeHHe CBeTO-
qyaCTBHTeJIbHOCTH H KOHTPaCTa. B JIHTepaTYPe [114] 06Cy)I{)laeTCH CJIe.n:yK>maH
cxeMa .n:eHCTBHHaUHJIapHJIfH,lJ.pa3HHOB, Bbl3blBaIOmHX 3¢l¢leKT HH¢leKUHoH-
Horo npOHBJ1eHHH:

cmaaUJl 1 - npOHBJ1eHHe 3aCBeqeHHblX MHKPOKPHCTaJIJIOBAgHal C o6pa-
30BaHHeM OKHCJIeHHOH ¢lOPMbl (Ox) npOHBJ1HIOmero BemeCTBa (Red)

~o ~o
Ar-NH-NH-C + Ox-- Ar-N=N-C + Red (153)

" "R R
cmaaUJl 3 - rH,lJ.pOJIH3aUHJIapHJI.lJ.Ha3eHa,n:o apHJI.lJ.Ha3eHa

~O ~o
Ar-N=N-C + OH--- Ar-N=NH + RC (154)" "R 0-

cmaaUJl 4 - ByamlpoBaHHe He3aCBeqeHHblX HJIH CJIa603aCBeqeHHblX MH-
KPOKPHCTaJIJIOBAgHal apHJI.lJ.Ha3eHOM

AgHal + Ar-N = NH -+ AgHal/Ag° + npo.n:yKT (155)

cmaaUJl 5 - npOHBJ1eHHe 3aByaJIHpOBaHHblX MHKpOKpHCTaJIJIOB AgHal

AgHal/ Ago + Red -+ Ago + Ox + HaC (156)

ComaCHO npHBe.n:eHHoH cxeMe, B pe3YJIbTaTe OKHCJIeHHH aUHJIapHJIrH.D:pa-
3HHa H nOCJIe,n:YIOmero rH,n:pOJIH3a aUHJIapHJI.lJ.Ha3eHa06pa3yeTcH apHJ1.lJ.Ha3eH,
KOTOPblH HrpaeT POJIb ByaJIeHTa MH He3aCaeqeHHblX HJIH CJIa603aCae'leHHblX
MHKPOKPHCTaJIJIOBAgHal. C'IHTaeTCH, 'ITO CKopOCTbonpe.n:eJIHIOmeH CTa,lJ.HeH
CYMMapHoro npouecca HBJ1HeTCHcmaaUJl 3 meJIO'lHoro m,n:pOJIH3a aUHJIapHJI-
,n:Ha3eHa. BeJIHqHHa m,n:pa3HHoBoro 3<p<peKTa3aBHCHT OT CTPoeHHH aUHJIbHOH
rpynnbl H YMeHbmaeTCH B PH.D:Y:

R = H > C6HS > CH3

TaKHM 06pa30M, MaKCHMaJIbHblH 3<p<peKT OKa3bIBaIOT npoH3Bo,n:Hble <peHHJI-
<popMHJIrH.D:pa3HHa.

KaK npaBHJIO, npHMeHeHHe DAR-KoMnoHeHT npHBo,n:HT K YMeHbmeHHIO
pe3KocTH H306paxceHHH H3-3a ero «paCllJIbIBaHHH'> (CM. cxeMy pHC. 163), o,n:-
HaKO cOBMecTHoe npHMeHeHHe DAR- H DIR~KoMnoHeHT, OC06eHHO C tirning-
rpynnoH, n03BOJIHeT .n:OCTHraTb nOBblmeHHH cBeTOqyacTBHTeJIbHOCTH npH
xopomeH pe3KocTH H306paxceHHH [112]. Oco60ro BHHMaHHH 3aCJIY)l(HBaIOT
DAR-KoMnOHeHTbI, co,n:epxamHea KaqeCTBe OTmenJIHeMoro OCTaTKa KOM6H-
HaUHIO HHm6HTopa H yCKopHTeAA npOHBJ1eHHH. HanpHMep, <pHPMOH ~y,n:3H
3anaTeHTOBaHbI DAR-KoMnoHeHTbl C OCTaTKOM

-0 ~O
I CONH NH-NH-C~S"-o - 'H.N N

I IN=N
npHBe,n:eM eme O.n:HHnpHMep 3¢l<peKTHBHOro DAR-ocTaTKa

O ~o
IOCONH NH-NH-C,

/N I-H.N~
N

Coe,n:HHeHHe B O,n:HOHMOJIeKYJIexopomo a.n:COp6HpyIOmerocH Ha AgHal OCTaT-
Ka <peHHJIMepKanTOTeTPa30JIa C ByaJIHpyIOmHM npoH3Bo.n:HblM ¢leHHJI<popMHJI-
fH,lJ.pa3HHa n03BOJIHeT ,n:OCTHraTb DAR-3<P¢leKTa npH cymecTBeHHo MeHbmHX
KOHueHTPaUHHX DAR-KoMnoHeHTbl npaKTHqeCKH 6e3 yxy,n:meHHH pe3KocTH
H306paxceHHH. Pe'lb H,lJ.eTKaK 6bl 0 cynep-DAR-KOMnoHeHTax, n03BOJIHIO-
mHX peaJIH30BaTb DAR-3<p<peKT HaH60JIee OnTHMaJIbHblM cnoco60M. B03-
MO)J(HO 3TO onpe.n:eJIHeTCH npeHMymecTBeHHoH a.n:cop6UHeH DAR-ocTaTKoB
Ha Ag2S-ueHTPax 6JIaro,n:apH cneUH<pHqeCKOMY CpO.n:CTBy DIR-¢lparMeHToB
K 3THM ueHTPaM. B pe3YJIbTaTe 3Toro CeJIeKTHBHOCTb.n:eHcTBHHDAR-ocTaTKoB
B03pacTaeT.



B pe3YJIbTaTe UBeTHOrO npOHBJIeHHH B TPex 30HaJIbHbIX CJIOHX UBeT-

HOro l1>oTOMaTepHaJIa 06Pa3YIOTCH TPH KpaCHTeJIH cy6TPaKTHBHoro CHHTe3a

H306plUKeHHH - )KeJITbIU, nypnypHbIU H rOJIy6ou. OpraHHtIeCKHe KPaCHTe-

JIH UBeTHoro H306plUKeHHH ,nOJI)KHbI y,nOBJIeTBOpHTb HeCKOJIbKHM OCHOBHbIM

Tpe60BaHHHM:

1 - nOrJIOIllaTb CBeT B CTPoro 3a,naHHOM ,nHana30He MHH BOJIH (TPe6o-

BaHHe CneKTPaJIbHOU tIHCTOTbI),

2 - OCTaBaTbCH 3aKpenJIeHHbIMH B COOTBeTCTBYIOIIlHX yqacTKaX l1>oTorpa-

l1>HtIeCKOrO CJIOH (TPe60BaHHe He,nHl1>l1>YH,nHpyeMocTH) H

3 - 6bITb TepMO- H l1>oTocTa6HJIbHbIMH npH xpaHeHHH H HCnOJIb30BaHHH

l1>OToMaTepHaJIa (TPe60BaHHe cTa6HJIbHocTH).

• B KaKOU Mepe peaJIbHbIe KPaCHTeJIH UBeTHoro H306plUKeHHH OTBetIalOT

3THM TPe60BaHHHM?

COrJIaCHO TeOpeTHtIeCKOMY aHaJIH3Y, MaKcHMyMbI nOrJIOIlleHHH H,neaJIb-

HbIX KPaCHTeJIeU MH TPeXUBeTHoro MaTepHaJIa ,nOJI)KHbI 6bITb MH )KeJIToro

430 HM, nypnypHoro 530-540 HM H MH roJIy6oro 640-650 HM. llpaKTHtIe-

CKH npHMeHHeMbIe a30MeTHHOBbIe H HH,noaHHJIHHOBbIe KPaCHTeJIH H3 UOK

COOTBeTCTBYIOT TPe60BaHHHM K Amax• H3MeHeHHe MaKCHMYMOB nOrJIOIlleHHH

KPaCHTeJIeU KaK npaBHJIO, ,nOCTHraeTCH BBe,neHHeM 3aMeCTHTeJIeU B UOK

H B UBeTHbIe npOHBJIHIOIIlHe BeIlleCTBa. O,nHaKO 3TH KPaCHTeJIH, KPOMe TOro,

HMelOT ,nOnOJIHHTeJIbHbIe nOJIOCbI nOrJIOIlleHHH B ,npyrHx tIaCTHX cneKTPa JIH60

CJIHWKOM WHpOKHe OCHOBHbIe nOJIOCbI. ):lJuI npHMepa Ha pHC. 164 npHBe,neHbI
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PRe. 164. CrreKTpaJIbHble xapaKTepHCTHKH KpaCHTeJIeil. UBeTHoil. HeraTHBHot!: IIJIeHKH:
1 - xeJIToro, 2 - rryprrypHoro, 3 - roJIy6oro. llYHKTHpOM rrOKa3llHa CYMMapHaH
OrrTH'leCKaH IIJIOTHOCTbxeJIToro H306pa:KeHHH

cneKTPaJIbHbIe xapaKTepHCTHKH peaJIbHbIX KPaCHTeJIeu. B cJIyqae nypnypHoro

KpaCHTeJIH (KPHBaH 2) oco6eHHo HarJIH,nHO BH,nHO ,nonOJIHHTeJIbHoe nOrJIOIlle-

HHe B cHHeu 06JIaCTH cneKTPa ('" 430 HM) H, KpOMe TOro, CYIIleCTBeHHoe ne-

peKPblBaHHe cneKTPOB OT,neJIbHbIX KPaCHTeJIeU H3-3a WHpOKHX nOJIOC nOrJIO-

IIleHHH. H3-3a HaJIO)KeHHH nOrJIOIlleHHH nypnypHoro (H rOJIy6oro) KPaCHTeJIH

B CHHeu 30He Ha nOrJIOIlleHHe )KeJIToro KpaCHTeJIH Ha6JIIO,naeTcH HCKlUKeHHe

UBeToBocnpoH3Be,neHHH (nYHKTHpHaH KPHBaH, pHc.164). Ha pHC. 165 3aWTPH-

XOBaHbI Te yqacTKH nOJIOC nOrJIOIlleHHH B cneKTPax peaJIbHbIX KpaCHTeJIeit,

OT KOTOPbIX )KeJIaTeJIbHO 6bIJIO 6bI H36aBHTbcH [U5].

B 3HatIHTeJIbHOU CTeneHH (o,nHaKO He nOJIHOCTblO) np06JIeMa npH6JIH-

)J(eHHH cneKTPa KPacHTeJIH K H,neaJIbHOMY pewaeTCH nyTeM BBe,neHHH B MO-

JIeKYJIy UOK CneUHaJIbHbIX 3aMeCTHTeJIeU, JIH60 H3MeHeHHeM CTPyKTypbI

UOK [1, c.357; 112]. HanpHMep, MH )J(eJIToro~acHTeJIH, He HMelOIIlero

n060tIHbIX nOJIOC nOrJIOIlleHHH, o,nHaKO C He,nOCTaTOtIHO pe3KHM cna,nOM no-

rJIOIlleHHH B 3eJIeHOU 06JIacTH cneKTPa, O,nHHM H3 MeTo,nOB Cy)J(eHHH nOJIOCbI

HBJIHeTCH BBe,neHHe MeTOKCHrpynnbI B aHHJIH,nHbIH OCTaTOK (pHC. 166).

O,nHaKo OCHOBHaH np06JIeMa CneKTPaJIbHOU tIHCTOTbI CTOHT MH nypnyp-

HOro H rOJIy60ro KpaCHTeJIeH, HMelOIIlHX ,nonOJIHHTeJIbHble nOJIOCbI B KO-

POTKOBOJIHOBOU 06JIaCTH cneKTPa. HanpHMep, MH nypnypHbIX KpaCHTeJIeU

nOrJIOIlleHHe B cHHeil: 06JIaCTH cneKTPa MO)J(eT ,nOCTHraTb 30 % OT OCHOBHOH

nOJIOCbI. HHTeHCHBHOCTb ,nonOJIHHTeJIbHoil:[b] nOJIOCbI MO)J(HO 3HatIHTeJIb-

HO yMeHbwHTb, H3MeHHH CTPYKTYPY KpaCHTeJIH, KaK nOKa3aHO Ha pHC. 167.



IlpH rrepeXO.LJ;e OT TPa,nHUHOHHbIX rryprrypHbIX KOMrrOHeHT rrHpa30JIOHOBOrO

pH,Ua K rrpOH3BO.LJ;HbIM 1H-rrHpa3oJIo [1,5-B]-1,2,4-TPHa30JIa (LXI) H 1H-HMH-

.LJ;a30JIO [l,2-B]-rrHpa30JIa (LXII) HC'Ie3aeT rr060'lHoe rrOrJIOmeHHe B CHHeH

30He crreKTPa (pHC. 168) [112]. Ha HX OCHOBe rrOJIyqeHbI

N-N-C- R1 N-N-C- R1
II I II II I II

R-C C N R-C C CH,,/~ / ,,/~ /
CH N CH N
I IX X

(LXI) (LXII)

KaK '1eTbIpeX3KBHBaJIeHTHbIe KOMrrOHeHTbI (X = H), TaK H .LJ;Byx3KBHBaJIeHT-

Hble (X - OTmerrmleMM rpynna).

O.LJ;HaKO rrOJIHOCTbIO H36aBHTbC}I OT rr060'lHbIX rrOJIOC nOrJIOmeHH}I H OT

rrepeKpbIBaHH}I rrOJIOC rrOrJIOmeHH}I KpaCHTeJIeH He y.LJ;aeTC}I. 3T0 rrpHBO.LJ;HT

K HCKroKeHHIO UBeTOBOCnpOH3Be.LJ;eHH}I. IlpaBHJIbHM UBeTOrrepe.LJ;a'la Ha <!>OTO-

OTrre'laTKe npH HeraTHBHo-rr03HTHBHOM rrpouecce nOJIyqaeTc}I TOJIbKO B TOM

CJIyqae, eCJIH KlUGlbIH KpaCHTeJIb B HeraTHBe (xeJITbIH, rryprrypHbIH, roJIy60H)

rrOrJIOmaeT JIyqH TOJIbKO O.LJ;HOHTPeTH crreKTPa (rrpHHUHn cy6TPaKTHBHoro

CHHTe3a) H rrporryCKaeT 6eCrrpen}lTCTBeHHO JIyqH .LJ;BYX.LJ;pyrnx '1aCTeH crreK-

TPa [Ill]. TaK, HarrpHMep, rrpH uBeTHoH rre'laTH rryprrypHbIH KpacHTeJIb

B HeraTHBe .LJ;OJI)l{eHrrOrJIOmaTb TOJIbKO 3eJIeHbIe JIyqH KOrrHpOBaJIbHoro CBeTa.

O.LJ;HaKO rrOrJIOmeHHe peaJIbHoro nyprrypHoro KpaCHTeJI}l OTJIH'IaeTC}I OT no-

rJIOmeHH}I H,1l;eaJIbHOrO nypnypHoro KpaCHTeJI}l, TaK KaK KpOMe 3eJIeHbIX JIyqeH

OH rrOrJIOmaeT eme H CHHHe, H KpaCHbIe JIyqH (pHc.165 H pHc.169) [Ill].
TaKHM 06pa30M, nyprrypHoe H306paxeHHe Cpe.LJ;Hero CJIO}l HeraTHBa rre-

pe.LJ;aeT <!>oT06YMare He TOJIbKO peaJIbHyro «3eJIeHyro,. HH<!>opMaUHIO, CO.LJ;ep-

D~ o 0 D~1,6 ~-Qo ~-&.R 1,6

0,8
N(C2Hsh

0,8
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PRc.167. ClIeKTpbI IIOfJIOmeHIDl IIYP-
IIYPHbIX KpaCHTeJIei!: [llS).
R: 1 - CH20C6H4C1SH31;
2 - C6H4NHCOCH20C2H3(CsHllh

PRC. 166. ClIeKTpbI IIOfJIOmeHHJI )KeJI-
TbIX KpaCHTeJIeil: [llS).
R: 1 - H; 2 - OCH3

PHc.168. CrreKTp lIyplIYPHOro KpaCRTeJIJI H3 IIHPaJOJIOTPHaJOJIbHOi!: (1) H rrHpaJOJIO-
HOBOi!: (2) KOMIIOHeHT

xaBIIIYIOC}I B pernCTPHpyeMoM 06'beKTe, HO R .LJ;OrrOJIHHTeJIbHYIO «CRHIOIO» R

«KpacHyIO" HH<!>opMaUHIO, KOTOpM OTCYTcTBOBaJIa rrpH C'beMKe.

B cJIyqae H.LJ;eaJIbHOrO rryprrypHoro KpacRTeJI}I, rrporrYCKaIOmero CHHHH

H KpaCHbIH cBeT, Ha <!>oT06YMare rrOCJIe UBeTHoro rrp0}lBJIeHH}I B cHHe'lyB-

CTBHTeJIbHOM H KpacHo'lyBcTBHTeJIbHOM 30HaJIbHbIX CJIO}lX .LJ;OJI)l{HbI06pa30BbI-

BaTbC}I XeJITbIH H roJIy60H KpaCHTeJIH, KOTopbIe .LJ;aIOTHacbImeHHbIH 3eJIeHbIH

UBeT. B cJIyqae xe peaJIbHoro rrypnypHoro KpacHTeJI}I Ha6JIIO.LJ;aIOT rroTepIO

HaCbImeHHOCTH 3eJIeHoro UBeTa H HCKaxeHHe UBeTorrepe.LJ;a'lH 3a C'IeT Toro,

'1TO Bpe.LJ;HOe nOrJIOmeHHe rryprrypHoro KpacHTeJI}I B cHHeH '1aCTH CneKTPa

YMeHbIIIaeT HHTeHCHBHOCTb CHHHX JIyqeH, 3KcrroHHpYIOmHX <!>oT06yMary, 'ITO

rrpHBO.LJ;HT K MeHbIIIeMY BbIXO.LJ;yXeJITOrO KpaCHTeJI}I B CHHe'IyBcTBHTeJIbHOM

CJIoe <!>oT06yMarn.

3TO OTHOCHTC5I H K roJIy60MY KpaCHTeJIIO HeraTHBa, KOTOpbIH KpoMe

KpaCHbIx JIyqeH B rrpouecce ne'laTH Ha <!>oT06yMary rrOrJIOmaeT CHHIOIO H 3e-

JIeHyIO COCTaBJI5IIOmHe KOrrHpOBaJIbHoro CBeTa (pRC. 165), 'ITO TaKXe BbI3bIBaeT

HCKaxeHHe UBeTOrrepe.LJ;a'lH.



AnSI HCnpaBJIeHHSI HCKIDKeHHH UBeTOnepe~aqH, BbI3BaHHbIX HaJIWmeM

JJ;OnOJIHHTeJIbHOrO nOrJIOUJ.eHHH (400-500 HM) Y nypnypHbIxH rOJIy6bIx Kpa-

CHTeJIeH, npHMeHHIOT MeTO~ BHYTPeHHero MOCKUP0801lUJI [1, c. 551], KOTOPbIH

OCHOBaH Ha npHMeHeHHH He 6eCUBeTHbIX UOK, a OKpaIlleHHbIX UBeToo6pa-

3YIOUJ.HX KOMnOHeHT, TaK Ha3bIBaeMbIX MOCKUPYlOUI,UX KOMnOllf!llm.

3TOT MeTOJJ;3aKJIIOqaeTCSI B C03JJ;aHHH B 3eJIeHOqYBCTBHTeJIbHOM CJIoe paB-

HOMepHoro x<:eJITOro <!>OHa 3a CqeT OKPaIlleHHOH B x<:eJITbIH UBeT MaCKHpYIOUJ.eH

nypnypHOH KOMnOHeHTbI. B npouecce UBeTHoro npOSlBJIeHHSI 3Ta MacKHpy-

lOUJ.aSI KOMnOHeHTa, TaKX<:e KaK H OCHOBHaSI 6eCUBeTHaSI nypnypHaSl UOK,

Coe~HHHSlCb C XHHO~HHMHHOM, ~aeT nypnypHbIH KPaCHTeJIb H306pIDKeHHSI.

OJJ;HaKO MaCKHpylOUJ.aSI KOMnOHeHTa B pe3YJIbTaTe peaKUHH COqeTaHHSI TepSl-

eT X<:eJITYIO OKpaCKY. )l(eJITbIH UBeT MaCKHpYIOUJ.eH KOMnOHeHTbI C03~aeTCSI

a30rpynnoH, npHcoe~HHeHHOH K nypnypHOH KOMnOHeHTe B MeCTe COqeTaHHSI

C X,LJ;H (157).
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TaKHM o6pa30M, nypnypHbIe MacKHpylOUJ.He KOMnOHeHTbI SlBJISlIOTCSIJJ;Byx-

3KBHBaJIeHTHbIMH, OTUJ.ennHIOUJ.HMH 0KPaIlleHHYIO a30-COCTaBJISlIOUJ.YIO npH

COqeTaHHH C XHHOHJJ;HHMHHOM.

KOJIHqeCTBO H peaKUHoHHaSI cnoco6HocTb MacKHpylOUJ.eH KOMnOHeHTbI

nOJJ;6Hpa1OTcSI TaKHM o6pa30M, qTo6bI npHpOCT X<:eJITOH nJIOTHOCTH 3a CqeT

nypnypHoro KPaCHTeJIH KoMneHCHpOBaJICH ee y6bIJlblO B pe3YJIbTaTe pacxo-

JJ;OBaHHSI MacKHpylOUJ.eH KOMnOHeHTbI. 3To HJlJllOcTPHpyeTcSI pHC. 170 B B~e

xapaKTepHCTHqeCKHX KPHBbIX (3aBHCHMOCTb nJIOTHOCTH OT 3Kcno3HUHH). Xa-
paKTepHCTHqeCKaSI KPHBaSI 2 o6yCJIOBJIeHa nOrJIOUJ.eHHeM nypnypHoro KPacH-

(157)
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TeJISI B CHHeH qaCTH cneKTPa, a KpHBaSI 3 OTHOCHTCSI K n03HTHBHOMY X<:eJI-

TOMy H306pIDKeHHIO, C03~aBaeMOMY MacKHpYIOUJ.eH KOMnOHeHTOH (x<:eJITaSI

MaCKa). KPHBaSI 4, CyMMHpylOUJ.aSI nJIOTHOCTH OT JJ;onOJIHHTeJIbHOrO nOrJIO-

UJ.eHHSI nypnypHoro KpaCHTeJISI H MaCKH, CBHJJ;eTeJIbCTByeT 0 nOCTOSlHCTBe

OnTHqeCKOH nJIOTHOCTH B CHHeH 06JIaCTH cneKTPa B 3eJIeHOqYBcTBHTeJIbHOM

CJIoe. TaKHM o6pa30M, B KaX<:JlOM yqacTKe HeraTHBa He3aBHCHMO OT nJIOTHO-

CTH nypnypHoro KPaCHTeJIH HeraTHBa HMeeT MeCTO OJJ;HHaKoBoe CYMMapHoe

nOrJIOllleHHe CHHHX JIyqeH, o6YCJIOBJIeHHoe COBMeCTHbIM nOrJIOUJ.eHHeM nyp-

nypHoro KPacHTeJIH H X<:eJITOH MaCKH. ,l],onOJIHHTeJIbHoe nOrJIOUJ.eHHe CHHero

CBeTa B 3eJIeHOqyacTBHTeJIbHOM CJIoe 3a CqeT x<:eJITOH MaCKH KOMneHcHpy-

eTCSI npH neqaTH Ha <!>oT06yMary CneUHaJIbHbIM roJIy6bIM KOppeKTHpylOUJ.HM

CBeTO<!>HJIbTPOM [111].

Pac. 170. YMeHblIIeHHe BpeJJ;HOro nOrJIOIUeHHSI nypnypHoro KpaCHTeJlSl C nOMOIUbIO
MaCKHPYIOIUdt KOMnOHeHTbI (111): 1 - xapaKTepHCTHqeCKaSI KpHBaSI, o6yCJIOBJIeHHaSI
nOrJIOIUeHHeM nypnypHoro KpaCHTeJlSl B 3eneHoil: qaCTH cneKTpa; 2 - xapaKTepHCTHqe-
CKaSIKpHBaSI, o6ycnOBJIeHHaSI BpeJJ;HbIMnOrJIOIUeHHeM nypnypHoro KpaCHTeJlSl B cHHeil:
qaCTH cneKTPa; 3 - xapaKTepHCrnqeCKaSI KpHBaSI )l(emoA MaCKH; 4 - CYMMapHoe
nOrJIOIUeHHe B CHHeA qaCTH cneKTPa rryprrypHOro KpaCHTeJlSl H )l(eJIToA MacKH

AnH YMeHbIlleHHSI BpeJJ;HOrO nOrJIOUJ.eHHSI roJIy6oro KPaCHTeJIH B KPac-

HOqYBcTBHTeJIbHOM CJIoe HeraTHBHoro <!>OToMaTepHaJIa npHMeHSlIOT roJIy-

6ylO MacKHpylOUJ.YIO KOMnoHeHTY, 0KPaIlleHHYIO B opaHX<:eBo-KpacHbIH UBeT.

IIpHHUHn nOCTPoeHHSI rOJIy6oH MacKHpYIOUJ.eH KOMnOHeHTbI TaKoH x<:e, KaK

H nypnypHoH - npHcoemmeHHe a30rpynnbI B MeCTe COqeTaHHSI rOJIy6oH

UOK. TaKHM o6pa30M, npHrvleHeHHe MacKHpylOUJ.HX KOMnOHeHT npH H3rOTO-

BJIeHHH HeraTHBHbIX <!>OTOMaTepHaJIOB n03BOJISleT aBTOMaTHqeCKH KOMneHCH-

pOBaTb Bpe~HbIe n060qHbIe nOrJIOUJ.eHHH nypnypHoro H roJIy6oro KPaCHTeJIeH

H TeM caMbIM CYUJ.eCTBeHHO YMeHbIllHTb HCKIDKeHHSI UBeTOnepeJJ;aqH H yJIyq-

IllHTb HaCbIUJ.eHHOCTb UBeTa Ha nOJIyqaeMoM <!>oToOTneqaTKe.

YJIyqIlleHHe UBeTOnepe.n;aqH ~OCTHraeTCSI TaKX<:e C nOMOUJ.blO DIR-KoMno-

HeHT, OTIuenJIlIlOUJ.HX DIR-ocTaTKH C YBeJIHqeHHOH .n;H<l><l>y3HOHHOH nOJJ;BH)I(-

HOCTH, B TOM qHCJIe C nOMOUJ.blO cynep-DIR-KoMnoHeHT. EJIaroJJ;apH JJ;H<!>-

<l>Y3HH DIR-ocTaTKoB B coce.n;HHe CJIOH JJ;OCTHraeTCH KOMneHcaUHH JJ;onOJI-

HHTeJIbHOrO nOrJIOUJ.eHHH nypnypHoro H roJIy6oro KpaCHTeJIeH H306pIDKeHHH.

HanpHMep, eCJIH DIR-KoMnoHeHTa BBeJJ;eHa B 3eJIeHOqYBcTBHTeJIbHbIH CJIOH,



TO 6JIaro.napR .nH<1.><1.>Y3HHDIR-ocTaTl<a B COCe.nHHH CHHeqyacTBHTeJIbHbIH CJIOH

C )KeJITOH KOMnOHeHTOH Ha6mo.naeTCR TopMO)KeHHe npOuecca 06pa30BaHHR

)KeJIToro KPaCHTeJIR H, KaK CJIe.nCTBHe, KOMneHCaUHR npHpOCTa nOrJIOlIleHHR

B CHHeH 06JIacTH cneKTPa, B03HHKaIOlIlero 3a CqeT .nOnOJIHHTeJIbHoit nOJIOCbI

nypnypHoro KPaCHTeJIR.

AHaJIOrnqHO .nH<1.><1.>Y3HRDIR-ocTaTKa OT roJIy60H DIR-KoMnoHeHTbI, Ha-

xOARlIleitcR B KPaCHOqYBCTBHTeJIl>HOM CJIOe HeraTHBHOH nJIeHKH, B 3eJIeHO-

H CHHeqYBCTBHTeJIbHble CJIOH TOpM03HT 06pa30BaHHe COOTBeTCTBeHHO nyp-

nypHoro H )KeJIToro KpaCHTeJIeH H TaKHM 06pa30M KOMneHcHpyeT npHpOCT

nOrJIOlIleHHR B 3eJIeHOH H CHHeH 30Hax cneKTPa B KPacHOqYBCTBHTeJIbHOM

CJIoe C HeH.ZJ.eaJIl>HbIM roJIy6bIM KPaCHTeJIeM.

A30MeTHHOBble H HH.ZJ.OaHHJIHHOBble KPaCHTeJIH, 06pa3YIOlIlHeCR npH

UBeTHOM npORBJIeHHH, npe.nCTaBJIRIOT C060H CJIO)I(Hble OpraHHqeCKHe CO-

e.nHHeHHR, cnOC06HbIe BCTYnaTb B 60JIbWoe qHCJIO pa3Ho06pa3HbIX peaKUHH.

llpH 3TOM MO)KeT H3MeHRTbCR KaK cneKTP KPaCHTeJIR, TaK H ero KOJIHqe-

CTBO B <1.>OTOCJIoe. 31'0 onpe.neJIReT cTa6HJIbHOCTb UBeTHOro H306paxeHHR

H ero KaqeCTBO BO BpeMeHH. CJIe.nyeT pa3JIHqaTb CBeTOCTa6HJIbHOCTb KPaCHTe-

JIeH H306paxeHHR H TeMHoByIO cTa6HJIbHOCTb npH xpaHeHHH. KaK npaBHJIO,

HaHMeHee CTOHKHe roJIy60it H )KeJIThIH KPaCHTeJIH.

HaH60JIee YR3BHMa caMa XpOMo<1.>OPHaR CHCTeMa KPaCHTeJIeH, qTO 06'1>-

RCHReTCR npe)I(.ZJ.e Bcero ee Henpe.neJIbHOCTbIO, T. e. CKJIOHHOCTbIO K peaK-

UHJlM npHcoe.nHHeHHR. qeM Bblwe BbIpaBHeHHOCTb 3JIeKTPOHHoit nJIOTHOCTH

XPOMo<1.>OpHoit CHCTeMbI KPaCHTeJIR, reM BbIwe ee YCTOHqHBOCTb. ll03TOMY

a30MeTHHOBble H apHJIaMHHOBbIe KPaCHTeJIH 60JIee CKJIOHHbI K fH.ZJ.POJIH3Y,

qeM, HanpHMep, a30KPaCHTeJIH. KpaCHTeJIH MOryT no.nBepraTbCR fH.ZJ.POJIH3Y

KaK B KHCJIOit, TaK H B lIleJIOqHoit cpe.ne. HanpHMep, .ZJ.JIJI)KeJIToro KPaCHTe-

AA [95, c. 202]:
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B CJIyqae rH.ZJ.po<1.>06HbIx U;OK peaKUHH rn.npOJIH3a KPaCHTeJIeit B 3alIlHlIla-

IOlIlHX paCTBOpHTeJIRX pe3KO 3aMe.ZJ.JIRIOTCHH OCHOBHOH npHqHHOH BbIUBeTa-

HHH UBeTHoro H306paxeHHH HBJIHIOTCH <1.>OToXHMHqeCKHe peaKUHH KPaCHTeJIH

H ero peaKUHH C .npyrnMH KOMnOHeHTaMH <1.>oTorpa<1.>HqeCKOH3MYJIbCHH HJIH

06pa6aTblBaIOlIlHX paCTBopOB.

XHMHqeCKaR aKTHBHOCTb KpaCHTeJIeH pe3KO B03paCTaeT npH .neitcTBHH

Ha HHX CBeTa, T. e. Kor,na OHH nepexoART B <1.>OToB036y)I(.ZJ.eHHoe COCTORHHe.

llPH 3TOM, qeM Bblwe 3HeprnR nOrJIOlIleHHbIX nyqeit H qeM 60JIbWe 3Kcn03H-

UHH, TeM CHJIbHee 06eCUBeqHBaHHe KpaCHTeJIeH. B pa60Te [116] npe.ZJ.JIO)KeHa

CJIe.nYIOlIlaR cxeMa peaKUHH 06eCUBeqHBaHHR C yqacTHeM KHCJIOpo.na:

h/l 1 3
Kp -+ Kp -+ Kp

3Kp + RH -+ KpH' + R'

R' + 02 -+ ROO'

Kp + ROO' -+ EeCUBeTHble npo.ZJ.YKTbI

KpaCHTeJIb H3 <1.>oTOB036y)I(.ZJ.eHHoro CHHrJIeTHoro COCTOHJlHH e Kp) nepexo.nHT

B TPHnJIeTHOe COCTOHHHe eKp), KOTOPoe HHHUHHpyeT PM Pa.ZJ.HKaJIbHbIX

npoueCCOB, npHBOMlIlHX K 06eCUBeqHBaHHIO KPaCHTeJIH.

Oc06eHHO 6bICTPO npOHcxo.nHT BbIUBeTaHHe KPaCHTeJIeH no.n .neitcTBHeM

YCI>-CBeTa. ,lJ.n:R npe.nOTBpalIleHHH 3TOro B 3alIlHTHbIH (BepXHHH) CJIoit <1.>OTO-

MaTepHaJIa BBOMT CneUHaJIbHble BelIleCTBa, nOrJIOlIlaIOlIlHe KOpOTKOBOJIHOBoe

H3JlyqeHHe H n03TOMY Ha3bIBaeMble Y<1>-a6cop6epaMH [112]. CTPoeHHe HeKO-

TOPbIX YCI>-a6cop6epoB npHBe.neHO HH)Ke. .

KpaCIUeJIH UBeTHoro H306paxeHHH MOryT no.nBepraTbCH BOCCTaHOBH-

TeJIbHOMY 06eCUBeqHBaHHIO B TeMHOBbIX yCJIOBHHX no.n .neHcTBHeM npo.nyKTOB

XHMHKo-<1.>oTorpa<1.>HqeCKOH o6pa60TKH, HanpHMep, OCTaTOqHbIX KOJIHqeCTB

Na2S203 HJIH 6HCYJIb<1.>HT-HOHO~:
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,lI,lUI nOBbIWeHH$l cTa6HJIbHOCTH KPaCHTeilll B YCJIOBHHX 06pa6OTKH, xpaHeHH$l

H HCnOJIb30BaHH$l 4>oToMaTepHaJIa npHMeHHIOT pa3JlHqHbIe cTa6HJIH3HPYIO-

mHe Jl06aBKH: MeTaJIJIOKOMnneKCHbIe coeJlHHeHH$l, 3aMemeHHbie rHJlpOKCH-

H JlHrHJlPOKCH6eH30JIbI, 3aMemeHHbIe xpOMaHbI HJIH KYMapHHbI, HHJlaHbI

H Jlp. [112].

HeKOTophle HTOm H nepCneKTHBhI pa3BHTIIJI
cIloTorpacllH'lecKHX npO:o;eCCOB

C1>oTorpa4>H$l $lBJI$leTC$l 3aMeqaTeJIbHbIM JlOCTIDKeHHeM qeJIOBeqeCKOH MbI-

CJIH H PYK. aHa, no cymeCTBY, HBJIHeTC$l YHHKaJIbHbIM BKJIa,nOM 4>OTOXH-

MHH B pa3BHTHe MaTepHaJIbHOH H JlYXOBHOH KYJIbTYPbI. n03TOMY HHTepeCHO

H MeTOJlOJIOmqeCKH nOJIe3HO nonbITaTbC$l OCMbICJIHTb MeCTO 4>oTorpa4>HH

B CHCTeMe 06mHX 4>OToXHMHqeCKHX npeJlCTaBJIeHHH H CpeJlH H3BeCTHbIX 4>0-

TOXHMHqeCKHX npoueCCOB.

Cpa3Y CJIeJlyeT OTMeTHTb, qTO JlIDKe HaH60JIee BbICOKOqYBCTBHTeJIbHbIe

qepHo-6eJIbIe 4>OTorpa4>HqeCKHe MaTepHaJIbI Bce eme 3HaqHTeJIbHO YCTYUa-

lOT no ~CTBHTeJIbHOCTH qeJIOBeqeCKOMY fJIa3Y. ,ll;OCTHrHynIH npeJleJI JlJl$l

4>OToMaTepHaJIOB COCTaBJIHeT 10-20 TbICHq eJlHHHU faCT (HJIH B Me:lKJlY-

HapOJlHOH WKaJIe eJlHHHU ISO), B TO BpeMH KaK ~CTBHTeJIbHOCTb fJIa3a

OueHHBaeTC$l npH6JIH3HTeJIbHO B HeCKOJIbKO MHJlJlHOHOB eJlHHHU faCT (1

eJl. faCT COOTBeTCTByeT 1 JIK· c) [117]. fJIa3, a,nanmpOBaHHbIH K TeMHOTe,

npH BpeMeHH 3KcnOHHpOBaHHH 1/60 C 6YJleT 06JIa,naTb qYBCTBHTeJIbHOCTblO,

3KBHBaJIeHTHOH 15 MJIH eJlHHHU ISO [108, c. 172]. He06xoJlHMo 3aMeTHTb, qro

qYBCTBHTeJIbHOCTb UBeTHoro 3peHHH cymecTBeHHO MeHbwe, qeM qepHo-6eJIo-

ro, TaK KaK KOJI60qKH, ocymeCTBJI$llOmHe UBeToBocnpHHTHe, B 103 pa3 MeHee

qyBcTBHTeJIbHbI, qeM naJIOqKH, OTBeTCTBeHHbIe 3a CyMepeqHoe BHJleHHe.

,ll;eHcTBHTeJIbHO, MbI JlOBOJIbHO XopOWO BH)lHM npH CBeTe nyHbI, OJlHaKO

4>oTorpa4>HpoBaTb npH TaKOM OCBemeHHH 3aTPYJlHHTeJIbHO - Jlilll 3roro

HyxHa qYBCTBHTeJIbHOCTb nOPHJlKa 100 TbICHq eJl. faCT. npaBJla, rOBOp$l

o qyBCTBHTeJIbHOCTH, He CJIeJlyeT ynyCKaTb H3 BHJlY, qTO pa3peWalOllla$l

cnoc06HOCTb y 4>OToMaTepHaJIa 60JIbWe, qeM y fJIaJa.

,ll;o HeJlaBHerO BpeMeHH UBeTHa$l 4>oTorpa4>H$l, HMelOma$l cymecTBeHHoe

npeHMymecTBo nepe,ll qepHo-6eJIOH no HH4>opMaTHBHOCTH, eme B 60JIbWeH

CTeneHH YCTYnaJIa no qYBCTBHTeJIbHOCTH 'IeJIOBeqeCKOMY rJIa3Y. O,llHaKO B Ha-

qaJIe 80-x rr. B UBeTHOH 4>oTorpa4>HH npOH30WeJI KaqeCTBeHHbIH CKaqOK -

nO$lBHJIHCb HeraTHBHbIe H 06pamaeMbIe nneHKH HOBoro nOKOJIeHH$l, KOTopbIe

no cBeTo'lyBcTBHTeJIbHOCTH He TOJIbKO npH6JIH3HJIHCb K COOTBeTcTBylOmHM

qepHo-6eJIbIM 4>oToMaTepHaJIaM, HO H 3HaqHTeJIbHO npeB30WJIH HX. TaK,

B HHCTPyKUHH K HeraTHBHOH UBeTHOH nJIeHKe SRG 3200 4>HPMbI «KOHHKa»

(~nOHH$l) YKa3aHO, 'ITO C'beMKY B yCJIOBHHX HOqHOrO OCBemeHHH rOp0,llCKOH

YJIHUbI Ha 3TOH nJIeHKe C 'IYBCTBHTeJIbHOCTblO 3200 eJl. ISO (npH6JIH3HTeJIbHO

3000 e,ll. faCT) MOXHO npOH3BO,llHTb C BbmepXKoH 1/60 C npH ,llHa4>parMe 4,0.

Bo BBe,lleHHH yxe OTMeqaJIOCb, qTO nporpecc B CBeTOqYBCTBHTeJIbHOCTH

<poToMaTepHaJIOB 3a BpeMSl Pa3BHTHSl 4>OTOrpa<pHH orpOMeH - 3a 150 JIeT



pa3BHTHSI <l>oTOrpa<l>HH OHa BbIpOCJIa npH6JIH3HTeJIbHO B 1 MHJIJIHOH pa3. no-

HHMaSi yCJIOBHOCTb aHaJIOrHH, nonp06yeM npe,UcTaBHTb ce6e KaKYIO CKOpOCTb

Mor 6bI pa3BHBaTb cerO,UHSI annapaT C ,UBHraTeJIeM BHYTPeHHero cropaHHSI,

OTKpbITbIM, TaK xe KaK H <l>oTorpa<l>HSI, HHce<l>opoM HbencoM, eCJIH npo-

rpecc B ,UBHraTeJIeCTPOeHHH 6bill 6bI TaKHM xe, KaK B <l>OTorpa<l>HH. JIo,UKa

C nepBbIM .uBHraTeJIeM BHYTPeHHero cropaHHSI - «nHp30JIo<l>oPOM» 6paTbeB

HbencoB, pa60TaBllIHM Ha yroJIbHOH nbillH, .uBHraJIaCb B 1806 r. BBepx no COHe

co CKOpOCTblO B,UBoe BbIllIe CKOpOCTH TeqeHHSI. ECJIH npHHSlTb 3TY CKOpOCTb

paBHOH 10 KM/qac, TO cero,UH$I CKOpOCTb JIO,UKH .uOJI)J{Ha 6bIJIa 6bI COCTa-

BHTb 107 KM/qac, T. e. 3HaqHTeJIbHO BbIllIe KOCMHqeCKHX CKopOCTeH H JIHllIb

B 100 pa3 MeHbllIe CKOpOCTH CBeTa ('" 109
KM/qac). "

CJIe,UyeT OTMeTHTb, qTO pOCT CBeTOqYBCTBHTeJIbHOCTH U;BeTHb~X <l>OTO-

MaTepHaJIOB no ro.uaM HMeeT xapaKTep MOHOTOHHO no.uHHMalOmeHCSI KpH-

BOH, qTO HJIJIIOCTPHpyeTCSI pHC. 171 [117]. ECJlH KpHBYJO np03KCTPanOJIHpO-

BaTb Ha 2000 r., TO HH,C(eKC CBeTOqyBcTBHTeJlbHOCTH .uOJI)J(eH npH6JIH3HTbCSI

K 13000 e.u. ISO.
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P 171 POCT CBeTouuuCTBHTenbHOCTH UBeTHbIX HeraTHBHbIX IIJIeHOK no ro.uaM [117]He.. 'J~

C,UeJIaeM "nonbITKY paCCMO~Tb TeH,UeHU;HH pa3BHTHSI <l>oTOrpa<l>HqeCKHX

npou;eCCOB H cpaBHHTb npHHU;HnbI HX opraHH3aU;HH C .npHpO,UHbIMH <l>OTO-

XHMHqeCKHMH npou;eccaMH. I1Haqe rOBOpSl, nonp06yeM pa306paTbC$I, KaKoe

MeCTO 3aHHMaeT <l>oTorpa<l>HSI cpe,UH ,UpyrHX XHMHqeCKHX cpe,UcTB npe06pa30-

BaHHSI JIyqHCTOH 3HeprHH, H, npex.ue Bcero, cpe,UH HaH60JIee COBepllIeHHbIX

npHpO,UHbIX, C03,UaHHbIx MHOroMHJIJIHOHHOH HCTopHeH 3BOJIIOU;HH.

faJIOreHH,Uocepe6pSlHaSI <l>OTorpa<l>HSI SlBJISleTCSI YHHKaJIbHbIM pyKOTBOp-

HbIM, T. e. C03.uaHHbIM qeJIOBeKOM, npou;eCCOM perHcTPaU;HH HH<l>opMaU;HH.

B OTJIHqHe OT npHpO,UHbiX npou;eccOB perHCTPaU;HH H npe06pa30BaHHSI COJI-

HeqHOH 3HeprHH - <l>OTOpeu;enU;HH (3peHHSI) H <l>OTocHHTe3a BbICllIHX paCTe-

HHH - <l>OTorpa<l>HSI 3BOJIIOU;HOHHpOBaJIa 3a HCKJIlOqHTeJIbHO KOPOTKHH CPOK,

Bcero 3a 150 JIeT. npHqHHa TaKoro KpaTKoro no HCTOpHqeCKHM MepKaM <l>oTO-

rpa<l>HqeCKOrO «cnpHHTa» BnOJIHe OqeBH,UHa - nOTPe6HOCTb qenOBeqeCKoro

06mecTBa B cpe,UcTBaX perHcTPaU;HH HH<l>opMaU;HH, CTPeMJIeHHe He TOJIbKO

3aneqaTJIeTb ce6S1 ,C(JISInOTOMKOB, HO H C03.uaTb 60JIee COBepllIeHHbIH nop-

TPeT CBoero BpeMeHH. «<1>OTorpaqlHqeCKHH rOJIo,U,> 06meCTBa 6bIJI caMbIM

,UeHCTBeHHbIM n06Y,UHTeJIbHbIM HaqaJIOM pa3BHTHSI <l>oTorpa<l>HH.

XapaKTepHO, qTO <l>OPMaJIbHO <l>OTorpa<l>HSI pa3BHBaJIaCb He3aBHCHMO

OT H3yqeHHSI npHpo.uHbiX <l>oTOXHMHqeCKHX npou;eCCOB. )];eJIO B TOM, ':ITO

B nepHO.u ee <l>OpMHpOBaHHSI npaKTH':IeCKH HH':IerO He 6billO H3BeCTHO 0 <l>OTO-

peu;enU;HH H MaJIO 6billO H3BeCTHO 0 <l>OTocHHTe3e, a K TOMy BpeMeHH, Kor,Ua

TaKHe 3HaHHSI nOSlBHJIHCb, peaJIbHO OHH yxe He MOfJIH nOBJIHSlTb Ha <l>o-

TOrpa<l>HIO. TeM 60JIee HHTepeCHO cpaBHHTb OCHOBOnOJIaralOmHe npHHU;HnbI

3THX npou;eCCOB, BbISlBHTb qepTbi HX CXO,UCTBa H Pa3JlHqHSI. I1Ha':le roBOpSl,

Bonpoc MoxeT 6biTb nOCTaBJIeH CJIe.uYlOmHM 06pa30M: eCTb JIH CXO,UCTBOMex-

,Uy <l>oTOrpa<l>HqeCKHM npou;eCCOM, C03.uaHHbiM ':IeJIOBeKOM, H npHpo,UHbIMH

npOu;eCCaMH, TaK CKa3aTb «OT Eora»?

npe)J(,C(e Bcero 6pocaeTcSI B fJla3a npHHU;HnHaJIbHOe OTJIHqHe <l>OTorpa<l>H-

qeCKoro npou;ecca Ha OCHOBe raJIOreHH,C(OB cepe6pa OT <l>OTonpou;eccoB B)J(}l-

BOH npHpo.ue. <1>oTOrpa<l>HSI nocTPoeHa Ha <l>OTOXHMHH HeOpraHH':IeCKOrO cy6-

CTPaTa AgHal, B TO BpeMSI KaK eCTeCTBeHHbie npou;eCCbi, HaqHHaSI C <l>OTOXHMH-

qeCKOH CTa.uHH H BKJIlOqaSl nOCJIe.uYJOmHe TeMHOBbie peaKIJ;HH, Ha OpraHH':IeC-

KHX coe.uHHeHHSIX. Crre,UyeT CPa3Y CKa3aTb, ':ITO COBepllIeHCTBOBaHHe <l>OTOrpa-

<l>HqeCKoro npou;ecca CTaJIO B03MO)J{HbiM JIHllIb 6JIaro,UapSi npHMeHeHHIO op-

raHH':IeCKHX coe,UHHeHHH, TaKHX KaK npOSlBJISllOmHe BemeCTBa, cneKTPaJIbHble

CeHCH6HJIH3aTOpbI, U;BeT006pa3YlOmHe KOMnOHeHTbI, cTa6HJIH3aTOpbi H ,Up.

KaK 6y.ueT nOKa3aHO ,UaJIbllIe, B 3TOH BTOpOH, «opraHHqeCKoih> )J(}l3HH <l>OTO-

rpa<l>HqeCKHX npou;eCCOB npOCMaTPHBaeTCSI onpe,UeJIeHHaSI 06mHOCTb C npH-

P0,UHbiMH. DOJIee TOro, <l>oTorpa<l>HSI KaK 6bI B06paJIa B ce6S1 caMoe JIY':lwee,

qTO 6billO HaKOllJIeHO 'uOJIroH 3BOJIIOU;HeH B <l>OTopeu;enU;HH H <l>oTOCHHTe3e.

npHMeHeHHe Ha nepBH':IHOH CTa.uHH <l>oTorpa<l>HqeCKoro npou;ecca He-

OpraHH':IeCKoro cy6CTPaTa B KaKOH-TO CTeneHH 6bIJIO onpe,UeJIeHO TeM, ':ITO

C03,UaBaJICSI BbICOKOqYBCTBHTeJIbHbIH <l>OTOMaTepHaJI 0,UHOPa30BOro ,UeifcTBHSI,

T. e. ,UJISInOJIyqeHHSI O,UHOro OTneqaTKa C06bITHSI. npHpO,UHbIe xe npou;eCCbI

HenpepbIBHbI, a nOToMy MHoroKpaTHbi, H npHpo.ua BbI6paJIa ,C(JISIHX BOllJIO-

meHH$I OpraHH':IeCKHe coe,UHHeHHSI. I1MeHHo raJIOreHH,U cepe6pa OKa3aJICSI

YHHKaJIbHbIM MaTepHaJIOM ,UJISI<l>oTorpa<l>HqeCKoro npou;ecca 6JIaro,UapSi CBoe-

06pa3HoMy COqeTaHHIO pSI,Ua <l>H3HqeCKHX H XHMHqeCKHX CBOHCTB, KOTopble,

XOT$I H npOSlBJISIIOTCSI no OT,UeJIbHOCTH B ,UpyrHX coe,UHHeHHSlX, O,UHaKO B co-

BOKYnHOCTH npHCYIIIH JIHllIb raJIOH,UHbiM COJISIM cepe6pa.
PaCcMOTPHM HeKOTopbIe qepTbI CXO,UCTBa Mex.uy <l>oTorpa<l>H':IeCKHMH

H npHpO,UHbiMH npou;eccaMH. Peqb nOH,UeT npex.ue Bcero 0 cneKTPaJIbHOH



ceHCH6HJIl13awUl. 06palllaeT Ha ce6R BHHMaHHe npHHUHnHaTlbHOe CXO,llCTBO
B opraHH3aUHH npouecca npe06pa30BaHHR 3HeprHH 3neKTPOMarHHTHOrO H3-
nytleHHR B <l>OTOXHMH'IeCKHXpeaKUHRX npH CneKTPaTlbHOHCeHCH6HnH3aUHH
AgHal H <l>oTocHHTe3e B BbIClllHX paCTeHHRX. )lnR 3TOrO B 060~x npouec:
cax HCnOnb3YIOTCROpraHHqeCKHe KPaCHTenH C XOpOlllO pa3BHTOH CHCTeMOH
1I'-COnpRXeHHR. TIPH <l>OTOCHHTe3e3TO npHpO,llHbIH nHrMeHT xnopo<l>Hnn
(MarHHeBbIH KOMnneKC nOP<l>HpHHa), KOTOPbIH, KaK 6bmo nOKa3aHO ellle
3. BeKKepeneM B 1874 ro,llY, RMReTCR CneKTPaTlbHbIM CeHCH6H.ITH3aTOpOM
H ,llllR AgHal. BnpOqeM, HaH60nee nO,llXO,llRlllHMH ,llllR cneKTPaTlbHOH ceHCH-
6H.ITH3aUHHraJIOreHH,llOB cepe6pa OKa3aT1HCbKpacHTenH ,llpyroro Knacca -
nonHMeTHHOBble. I1x nornOllleHHe 60nee ceneKTHBHO, O,llHaKO XHMH'IeCKH
H <l>oTOxHMHqeCKHOHH MeHee cTa6H.ITbHbl, qeM npHpO,llHble nHrMeHTbI. Be-
PORTHO,n03TOMY npHpO,lla npe,llnoqna HX 60nee npOqHblM nonHnHpp~nbHblM
nHfMeHTaM ,llllR 06eCneqeHHR MHoroKPaTHocrn <l>oTOXHMHqeCKoro,lleHCTBHR.

TIepBHqHblH aKT CeHCH6H.ITH3aUHHB 060HX npoueccax ocyruecTMReT-
CR H3 nepBoro CHHrneTHoro COCTORHHR(81) <l>OTOB036yx.neHHoHMOlleKYnbl

3a BpeMeHa nOpR,llKa 10-11 C. YqaCTHe CHHrneTHoro,.a He 60nee ,llOnrO)I(HBY-
lllero TPHnneTHoro COCTORHHR,C O,llHOHCTOpOHbl, 06ecneqHBaeT «3KOHOMHIO
3HeprHH» B <l>OToXHMHqeCKOMnpouecce, a C ,llpyroH - YMeHblllaeT BepORT-
HOCTb n060qHbIX XHMHqeCKHX peaKUHH, T. e. n03BOnReT ,llOCTHqb 60nbllleH
CeneKTHBHOCTHnpouecca. BaxHO H TO, qTO nepBHqHblH aKT npe,llCTaMReT
C060H <l>oTonepeHOC 3neKTPOHOB OT <l>OToB036yx.neHHoro KPaCHTenR Ha XH-
MHqeCKHH cy6CTPaT, B qeM TaIOKe npORMReTCR 06lllHOCTb npoueCCOB.

OqeHb KopOTKoe BpeMR )l(H3HH <l>OToB036yx.neHHoro COCTORHHRKPaCHTe-
nR npe,ll'bRBnReT xeCTI<He TPe60BaHHR K npoueccy 3<l><l>eKTHBHOrOpa3.lleneHHR
B npocTPaHCTBe <l>oToreHepHpOBaHHbIX 3apR,llOB- 3neKTPOHO~ H ,llblpOK, qTO
TPe6yeT onpe,lleneHHOH npOCTPaHCTBeHHOHH 3HepreTHqeCKOH opraHH3aUHH

pa3.lleneHHR 3apR,llOB. 3m ,llOCTHraeTCR,npe)l()le Bcero, 3a CqeT 06pa30BaHHR
arperaTOB KPaCHTeneH, CO,llepxalllHx ,llBe H 60nbllle MOneKYn, B KOTOPbIX
npOHCXO,llHTnepBHqHoe pa3,lleneHHe 3neKTPOHOB H ,llblPOK. O,llHaKO rnaBHaR
oc06eHHocTb <l>OTonpouecca 3aKnIOqaeTCRB qeTKOH OpraHH3aUHH nOCne,llYIO-
lllero 3<l><l>eKTHBHoropa3,lleneHHR 3apR,llOB. BnpOqeM, pa3,lleneHHe 3ap~OB -
06lllaR np06neMa XHMHH OKHCnHTeJIbHO-BOCCTaHOBHTeJIbHbIXpeaKUHH.

TIPH COBepllleHCTBOBaHHH<l>OToCHHTe3anpHpO,lla 3aTPaTHJIaHeMaTlOyCH-
nHH Ha oqeHb cnO)I(HYIO KOHCTPyKUHIO ,llJIR peaTIH3aUHH 3Toro npouecca,
HO 6naro,llapR eH ,llOCTHraeTCRBbIHrpbllll KaK B ero 3<l><l>eKTHBHOCTHH ce-
JIeKTHBHOCTH, TaK H B 3alllHllleHHOCTH OT nOMex. TpeXMepHyIO CTPYKTYPY
<l>oTocHHTeTHqeCKoro peaKUHOHHoro ~HTPa onpe,lleJIHJIH Ha OCHOBepeHTre-
Horpa<l>HqeCKHX ,llaHHbIX X. MHxenb, 11.11aH3eHxo<l>ep H P. Xy6ep, KOTopble
3a 3TY pa60Ty B 1988 r. 6bmH y,llOCTOeHbIH06eJIeBCKOH npeMHH. CXeMarnqeC-
KH opraHH3aUHIO MOneKYJInpH <l>oTocHHTe3eMO)I(HOnpe,llCTaBHTbcne,llYIOlllHM
06pa30M: «cTep)I(HH» 6enKoBoro KapKaca, KaK nOKa3aHO Ha pHC. 172, npoHH-
3blBaIOT KJIeTOqHYIOMeM6paHY H HeCYT Ha ce6e 3neMeHTbI <l>oTocHHTeTHqeC-
KOH uenH. B ueHTPe KBa.llpaTaMH nOKa3aH peaKUHoHHblH ueHTP, COCTORlllHit
H3 ,llHMepa 6aKTepHoxnopo<l>Hnna. TIO,ll ,lleHCTBHeMCBeTa3neKTPOH OT,llHMepa

YCTPeMnReTCRBHH3 nonepeK MeM6paHbl, TyHHenbHO nepeCKaKHBaR C O,ll-
HOro 3neKTPOHHoro nepeHOCqHKa Ha ,llpyroH. 3TH nepeHOCqHKH HaxO,llRTCR

Ha <l>HKcHpoBaHHblX 6enKOBbIMH MoneKYnaMH paCCTORHHRXnopR,llKa 10 A.
Ponb nepeHOCqHKOB HrpaIOT MOHOMepbl 6aKTepHoxnopo<l>Hnna, 6aKTepHo<l>H-
THH H XHHOH (B qaCTHOCTH, MeHaxHHOH). «llblPKa», OCTaBlllaRCR Ha ,llHMepe
nocne nOTepH 3neKTpoHa, KOMneHcHpyeTcR B pe3ynbTaTe nepeHoca ,llpyroro
3neKTPOHa CBepxy, OT HaBHcaIOlllero Han ,llHMepOM UHTOxpOMa C, cocTORlllero
H34 reMOB (xene3OCO,llepxalllHx KOMnneKcoB).

3<l><l>eKTHBHoepas,lleneHHe 3apR,llOBOCYllleCTMJleTCJIH npH cneKTPaJIbHoit
CeHCH6H.ITH3aUHHraJIOreHH,llOB cepe6pa 6naro,llapJl YHHKaJIbHblM CBOitCTBaM
AgHal. TIepBHqHOe pa3,lleneHHe <l>OT03apR,llOBnpoHCXO,llHT B arperaTe KPa-
CHTenJl, KOToPblit MO)I(HOYCJlOBHOnpe,llCTaBHTb COCTOJllllHM H3 HeCKOllbKHX
nnOCKHX MoneKYn KPaCHTeneit, CTORlllHX Ha pe6pe nepneH,llHKYJIJlpHO nOBepx-
HOCTHMHKPOKPHCTannaAgHal (pHc.I73). llaTIee <l>oT03JIeKTpoH H3 arperaTa
HHXeKTHpyeTcJI B 30Hy npoBO,llHMOCTHAgHal, y,llaTIReTCRno SOHe OT ,llblpKH,
a 3aTeM 3aXBaTbIBaeTCRnOJJOXHTenbHO3apJlXeHHbiM ,lle<l>eKTOMnOBepXHOCTH.
TIPH HeitTPaTlH3aUHH 3axBa'IeHHoro 3neKTpoHa MeXY3eJIbHbiM HOHOMcepe6pa
06pa3yeTCJI cepe6pJlHblH: ueHTP CKPblTOro H306paxeHHR.llblpKa xe TYHHeJIbHO
nepenOKaJIH3yeTCJIHa MOJIeKYJIycynepceHCH6HnH3aTOpa (C). B COBpeMeHHblX
<l>oTOrpa<l>HqeCKHXMaTepHaTlax 3<l><l>eKTHBHOCTbpa3,lleJIeHHJI 3aPR,llOB, KaK
H B <l>oTOCHHTe3e,6JIH3Ka K 100 %.

Pa3BHTHe <l>ororpa<l>HqeCKHXnpoueCCOB Ha OCHOBeraJIOreHH,llOB cepe6-
pa - RPKHH:npHMep ycno)I(HeHHJI CHCTeMbI. B qeM OHO 3aKnIOqaeTCR? Bo-
nepBblX, B npoc1paHcTBeHHoM pas,lleneHHH <l>oTOXHMHqecKOit H nocne,llYIO-
lllen XHMHqeCKOHCTa.llHH:rrpouecca. B KnaCCH'IeCKOMqepHo-6enoM rrpouecce
CTa.llHHB03,lleHCTBHJICBeTa H nOCJIe,llYIOlllero 06pa30BaHHJI H306paxeHHJI co-
BMellleHbl B npOCTPaHCTBe. B COBpeMeHHOMxe UBeTHOM <l>oTorpa<l>HqeCKOM



CTBYlOlUHii npORBJIeHHIO UeHTPOB BYaJIH. I1MeHHo B UBeTHOM npouecce 3a C'IeT

60JIee CJIo)KHoii OpraHH3aUHH CHCTeMbI B03MO:>KHO TaKOe peryJIHpOBaHHe.

B HaCTORlUee BpeMR OT,UeJIbHble CTa,UI1H :noii npOrpaMMbI Y:>Ke OCYlUe-

CTBJIeHbI C nOMOlUblO DAR- H DIR-KoMnoHeHT, OTlUenJIRlOlUHX B peaKUHH

C OKHCJIeHHOii q,opMoii npORBJIRlOlUerO BelUeCTBa - XHHO,UHHMHHOM -

ynoMHHaBWHeCR OCTaTKH, KOTOpble yCKOpRIOT HJII1, Ha060pOT, TOpM03RT npo-

RBJIeHHe (CM. pHc.163 H 160). COBMeCTHOe ,UeiicTBHe DAR- H DIR-KoMnoHeHT

no onpe,UeJIeHHOii nporpaMMe I1JIJIIOCTPHpyeTcR pHC. 174.

Ha CTa,UHH I nOCJIe 3aCBeTKH MHKpOKpl1CTaJIJIOB AgHal 06pa3YIOTCR cepe-

6pRHble ueHTPbl npORBJIeHHR, KOTopble Ha CTa,UHI1 II CJIy:>KaTKaTaJIHTH'IeCKHMH

ueHTPaMH BOCCTaHOBJIeHHR AgHal no,U ,UeiicTBl1eM UBeTHoro npORBHTeJIR. Ero

npO,UyKT OKHCJIeHHR XHHOH,UHI1MHH (X,I:J:I1) B3aHMo,UeM:CTByeT KaK C OCHOB-

Hoii UBeToo6pa3YlOlUeii KOMnOHeHTOM:, 06pa3yR KpaCHTeJIb H306pa:>KeHHR,

TaK H C DAR-KoMnoHeHToii, OTlUenJIRR OT Hee BYaJIl1PYlOlUHii OCTaTOK (B),
BbI3blBalOlUHii 06pa30BaHHe KaTaJIHTH'IeCKI1X cepe6pRHbIX ueHTPOB Ha 6JIH3-

JIe:>KalUHX He3aCBe'IeHHblX KpHCTaJIJIaX AgHaI. Ha CTa,UHH III B pe3YJIbTaTe

npORBJIeHHR 3THX KpHCTaJIJI6B yBeJIH'IHBaeTCR KOJIl1'IeCTBO 06pa3YlOmerocR

B e,UHHHUY BpeMeHH XHHOH,UHHMHHa H, KaK CJIe,UCTBHe, CKOPOCTb HapacTaHHR

OnTH'IeCKOii llJIOTHOCTH H306pa:>KeHI1R. O,UHaKo, eCJlH npouecc HHTeHCH-

q,HKaUHH BOBpeMR He OCTaHOBHTb, npOH30ii,UeT He TOJIbKO «pacnOJI3aHHe»

H306pa:>KeHHR, yxy,UwalOmee Ka'IeCTBO H306pa:>KeHHR, HO 11yCHJIeHHe ueHTPOB

BYaJIH, npHCYTCTBOBaBWHX B 3MYJIbCHH ,UO npORBJIeHHR. ,[{JIR npe,UOTBpame-

HHH 3TOro HapRnY C DAR-KOMnOHeHTOM: B UBeT006pa3YlOmYlO KallJIlO BBOMT

DIR-KoMnoHeHTY. Tor,Ua nOCJIe BbmeJIeHHR ByaJIeHTa OT DAR-KOMnOHeHTbI

H YCi1JIeHHR 3a 3TOT C'IeT UBeTHoro npORBJIeHHR OT DIR-KOMnOHeHTbI, 06JIa-

,UalOmeii no cpaBHeHHIO C DAR-KOMnOHeHTOM: MeHbWeM: peaKUHOHHOii cno-

C06HOCTblO, C HeKOTOpOM: 3a,Uep:>KK0M: Ha CTa,UHH III OTmenAAeTCR HHrH6HTOp

npORBJIeHHR (T), pe3KO TopM03RmHM: BeCb npouecc. IIpH 3TOM, B Ci1JIY 06paT-

HOM: CBR3H, 'IeM HHTeHCHBHee npORBJIeHHe, T. e. 'IeM 60JIbWe 06pa3yeTcR

XHHOH,UHHMHHa, TeM CHJIbHee TOpMO:>KeHHe H, TaKHM 06pa30M, aKTHBHee

ocYmeCTBJIReTCR aBTOMaTH'IeCKOe peryJIHpOBaHHe npouecca.

YnpaBJIeHHe q,OTorpaq,H'IeCKI1M yCHJIeHHeM Y:>Ken03BOJIHJIO pe3KO yBeJIH-

'II1Tb 'IYBCTBHTeJIbHOCTb UBeTHbIX HeraTHBHbIX nJIeHOK. HeTPy.nHO 3aMeTHTb,

'ITO COBpeMeHHaR peaJII13aUl1R aJIrOpHTMa q,OTorpaq,I1'IeCKoro npouecca .no-

BOJIbHO TPy.nHa H BeCbMa HeCOBepweHHa. IIpo.noJI:>KaR aHaJIOrHIO Me)l(,[(y npH-

PO.nHbIMH H q,OTorpaq,H'IeCKHMI1 npoueccaMH, MO)KHO WHpe paCCMaTPHBaTb

np06JIeMy nporpaMMHpOBaHHR 3THX npoueCCOB. HaH60JIee peaJIbHblii nYTb,

BbI6paHHblii :>KHBOii npHpo,Uoii ,[(JIR peryJIRUI1H CJIO:>KHbIX6HOXHMH'IeCKHX npo-

ueCCOB BO BpeMeHH, - C03,UaHl1e XHMH'IeCKoro Ha60pa nporpaMM B BHJJ:ereHOB

HJIH MaKpOMOJIeKyJI LI:HK. B npl1HUHne, B03MO:>KHO C03,UaHl1e no.n06HbIX npo-

rpaMM XI1MH'IeCKHX peaKUI1M: 11 B q,OTOrpaq,H'IeCKOM CJIoe. YCJIOBHO HX MO:>K-

HO Ha3BaTb tjJomozeHOMllMU HJII1 tjJomonpozpaMMamOpllMU [118]. OHI1 ,UOJI:>KHbI

ynpaBJIRTb BceM nOCJIe,UOBaTeJIbHOCTblO 11 KHHeTI1KOM npoueCCOB. IIpH 3TOM

aJIroPHTM XHMl1'IeCKoro npouecca MO:>KHO3anHcaTb onpe,UeJIeHHbIM CO'IeTaHI1-

eM q,OTorpaq,I1'IeCKH aKTI1BHbIX coe,UI1HeHI1M:, KaK 3TO nOKa3aHO Ha pHC. 175.
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PRe. 173. CxeMa pa3.lleJIeHHR «pOTo3aPR,llOB npH cneKTpaJIbHOM CeHCH6HJIH3a~HH
AgHal: uq - ~eHTp qYBCTBHTeJIbHOCTH; C - cynepceHCH6HJIH3aTOp; hll - KBaHT

CBeTa, .lleAcTBYIOIUHH Ha arperaT KpaCHTeJIR

npouecce 3TH CTa,UHH pa:meJIeHbI: CBeT B03.neiicTByeT Ha MHKpOKpHCTaJIJIbI

AgHal, a H306pa:>KeHHe B BHJJ:e KpaCHTeAA q,opMHpyeTcR B .npyroM MeCTe -

B MHKpOKallJIe OpraHH'IeCKoro paCTBopHTeAA, co.nep:>KalUeii UBeTOO6pa3yJO-

myJOKOMnOHeHTY (CM. pHC. 151). 3T0 pa:meJIeHHe ,UByx CTa,UHii B npocTPaH-

CTBe H BO BpeMeHH n03BOJIReT 60JIee rH6Ko H pa3Hoo6pa3HO peryJIHpOBaTb

npouecc 06pa30BaHHR H306pa:>KeHI1R. O.nHaKo rJIaBHoe CJle.nCTBHe TaKoii opra-

HH3aUHH q,OTonpouecca B TOM, 'ITO nORBAAeTCR B03MO)KHOCTb CllMOpezYAJl/.4UU

i1JIH aBTOMaTH'IeCKOii peryAAUHH npouecca, nOCKOJIbKy .naT'IHK CHfHaJIa (MH-

KpOKpHCTaJIJI AgHal) OT.neJIeH OT npHeMHHKa (KallJIH paCTBOpHTeJIR C UOK)

H Me)l{,ll,y HHMH B03MO)KHa 06paTHaR CBR3b. 3aMeTHM, 'ITO caMoperyJIRUHR -

OCHOBHOii npHHUHn npHpo.nHblX npoueCCOB. 06paTHaR CBR3b B03HHKaeT, KO-

r.na npH 06pa30BaHHH KpaCHTeAA H306pa:>KeHHR B KallJIe OT UBeT006pa3ylOmeH

KOMnOHeHTbI OTmellAAeTCR q,OTOrpaq,H'IeCKH aKTHBHaR rpynna, BJIHRlOmaR

Ha XO.n BCero npouecca npORBJIeHHR. Pe'Ib HJJ:eT06 Y:>KepaCCMQTPeHHblX DIR-

H DAR -coe,UHHeHHRX.
qTO .naeT 06paTHaR CBR3b B q,OTOrpaq,H'IeCKHX npouecqx? IIoCMOTPHM

Ha 3TO C TO'IKH 3peHHR OCHOBHOH np06JIeMbI q,OTOrpaq,HH - np06JIeMbI CBe-

TO'IYBCTBHTeJIbHOCTH. 3.neCb KopeHHbIM BonpOCOM RBAAeTCR peryJIHpOBaHHe

npORBJIeHHR, T. e. YCi1JIeHHe CKpblTOro H306pa:>KeHHR. Pe'Ib HJJ:eT 0 npeHMy-

meCTBeHHOM BbmeJIeHHH nOJIe3Horo Cl1rHaJIa, onpe.neJIRlOmero 'IyBCTBHTeJIb-

HOCTb q,OTorpaq,H'IeCKoro MaTepHaJIa, OT «IIIyMa», npHBOMmero K ByaJIH.

TaKaR .nHCKpHMHHaUHR, B npHHUHne, B03MO)KHa 6JIaro.napR pa3JIH'IHOH KHHe-

THKe ,UByx npoueCCOB - npORBJIeHHR ueHTPOB CKpbITOro H306pa:>KeHHR H npo-

RBJIeHHR ueHTPOB ByaJIH. II03TOMY He06xo,UI1MO TaK opraHH30BaTb npouecc

npORBJIeHHR, 'IT06bI C03.naTb «pe:>KHM HaH60JIbIIIero 6JIaronpI1RTCTBOBaHHR»

,[(JIR yCHJIeHHR ueHTPOB CKpblTOro H306pa:>KeHI1R H nOCTaBHTb 6apbephI Ha nYTH

npORBJIeHHR Bpe,UHbIX ueHTPOB BYaJIH. To eCTb He06xo,UHMO nepBOHa'IaJIhHO

pe3KO yCKOpHTb npORBJIeHl1e ueHTPOB CKpbITOro H306pa:>KeHHR 11 B TOT MO-

MeHT, Kor,Ua OHO Ha6epeT CKOpOCTb, 'uOCTaTO'IHylO ,[(JIR ,UOCTH:>KeHI1RHY:>I<HhlX

q,OTorpaq,I1'IeCKHX nOKa3aTeJIeH, BKJIlO'IHTb MexaHI13M TOpMO:>KeHHR, npenRT-
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Pac. 174. CaMoperyJUIURH <pOTorpa<pR'leCKoro npouecca c nOMoUlbIO DAR- R DIR-
KOMrrOHeHT. X,IUI - XRHOH,llRRMRH; B - ByarreHT; T - TOpM03RTeJIb rrpOHBJIeHHH

nO.n .neHcTBHeM XHMH'IeCKHX cOeAHHeHHH - KJIIO'IeH (K), 06pa3YlOmHxc$I

B <poTorpaqm'IeCKOH CHCTeMe nocJle Ha'Iana npO~IBJleHHSI MHKpOKPHCTaJIJlOB

AgHal, H3 nporpaMMaTopa .nomKHbI BbmeJlSlTbCSI no onpe.neJleHHoMy 3aKoHy

OT.neJlbHble BemeCTBa. OHH HJlH npo.nyKTbI HX npeBpameHHSI MOryr 6bITb JlH60

yCKopHTeJl$lMH npOlIBJleHH$I (Y), JlH60 aHTHByaneHTaMH, JlH60 TOpM03HTeJl$lMH

np0$lBJIeHH$I (T), JlH60 cneKTPanbHbIMH ceHCH6HJIH3aTOpMH (Kp) H T. n. Hx

BbmeJleHHe B onpe.neJIeHHble MOMeHTbI <pOTorpa<pH'IeCKoro npouecca .nOJI)I(-

HO BJlH$lTb KaK Ha HanpaBJIeHHe, TaK H Ha CKOpOCTb npouecca 06pa6OTKH

HH<popMaUHH. MO)I(HO nOJIaraTb, 'Iro B 6y.nymeM XHMH'IecKoe nporpaMMH-

pOBaHHe n03BOJIHT C03.naBaTb Ha OCHOBe O.nHOH H TOH )l(e <pOTorpa<pH'IeCKOH

3MYJlbCHH pa3Ho06pa3Hble <pOTorpa<pH'IeCKHe CHCTeMbI: HeraTHBHble, 06pa-

maeMbIe, 'IepHo-6eJlble, UBeTHbIe, .nH<P<PY3HOHHbIe H .np. no.n06Ho TOMy KaK

reHbl onpe.neJlSlIOT «JlHUO» roro HlIH HHOro opraHH3Ma, <pOTonporpaMMaropbl

6y.nYT onpe.neJl$lTb <<JIHUO»<POTorpa<pH'IeCKoro npouecca.

Pac. 175. CxeMa .neil.cTBHH XRMR'leCKoro nporpaMMaTopa. no.n .neAcTBReM orrpe.ne-
JIeHHbIX XRMR'IeCKH:X coe.nH:HeHRA KJ, K2, K3, OT MOJIeKYJIIll nporpaMMaTOpa onuen-
JUIIOTCH <pOTorpa<pHqeCKH: aKTRBHbIe coe.nH:HeHHJI - yCKOpHTeJIH npoJlBJIeHHH (Y),
TOpM03HTeJIR (T), ByarreHTbI (B), pacTBopHTeJIH AgHal (P), KpaCHTeJIH (Kp) R .np.
DYKBaMR L1, L2 R T. .n. 0603HaQeHbI 3BeHbJI uenR MOJIeKYJIIll nporpaMMaTopa [118]

He06xo.nHMO OTMeTHTb HOBoe 3aMe'IaTeJIbHoe cBOACTBO UBeTHOro <pOTO-

rpa<pH'IeCKOrO npouecca, B03HHKalOmee KaK CJIe.nCTBHe ero YCJIO)I(HeHHJl. Pe'Ib

MAeT 0 HOBOH rpaHHue pa3.neJIa <pa3 - BO.nHOro pacTBopa H KaneJIb fHAPo<t>06-

HOro OpraHH'IeCKoro paCTBOpHTeJIH, B KOTOPOM paCTBopeHa UBer006Pa3YIOIU8$I

KOMnOHeHTa. ECJIH HCnOJIb30BaTb .nOBOJIbHO rpy60e cpaBHeHHe, TO MO)I(HO

CKa3aTb, 'ITO UBeTO<pOTorpa<pH'IeCKHA npouecc opraHH30BaH Ha «KJIeTO'IHOM»

ypOBHe, TaK KaK 06pa30BaHHe KPaCHTeJI$I MAeT B OT.neJIbHbIX MHKPOKanJIHX.
l.1T0 .naeT 3Ta rpaHHua? B CBoe BpeM$I 06pa30BaHHe rpaHHU Me)l(,ll,y npo-

TOnJIa3MOH H cpe.noH 3a C'IeT JIHnMAHbIX MeM6paH npHBeJIO K nO$lBJIeHHIO

)l(HBOH KJIeTKH. fpaHHUhI pa3.neJla npe)l(,ll,e Bcero YBeJIHqHBaIOT KOJIH'IeCTBO

B03MO)l(HblX BapHaHTOB XHMH'IeCKHX npoueCCOB. B CBJl3H C 3THM XOTeJIOCb 6bI

npHBeCTH Bhmep)l(KY H3 pa60Tbl H. EepueJlHyca (1836 r.), B KOTOPOH co.nep-

)l(HTCH 3aMe'IaTeJlbHOe npe.nBH.neHHe, npOHHKHOBeHHe B CyTb reTeporeHHhlX

KJIeTO'IHhlX npoueCCOB: «Y Hac eCTh OCHOBaTeJlhHhlH nOBO.n npe.nnOJlaraTh, 'ITO

B paCTeHHSlX H )l(HBOTHblX Me)l(,Ily TKaH$lMH H )l(MAKOCT$lMH npOTeKaIOT TbIeH'IH

KaTanHTR'IeCKHX npoueCCOB, BhI3hIBaH MHO)l(eCTBO Pa3HOPO.nHbIX XHMH'IeCKHX

coe.nHHeHHH, .IlJI$I 06pa30BaHHSI KOTOPhlX H3 06mero ChIPOro MaTepHana, H3 CO-

Ka paCTeHHH H KPOBH, Mhl HHKor.na He CMOrJIH 6hl YCMorpeTh npHeMJIeMylO
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npl1'1I1HY; 3T)' npl1ql1HY MbI B 6y.rWIIIeM, MO)l(eT6bITb, OTKpOeM B KaTaJII1TI1'1eC-
KOWCI1JIeOpraHI130BaHHOW TKaHI1, 113KOTOpOWCOCTOSITOpraHbI )I(l1BOrOTeJIa».

H <pOTOCI1HTe3,11<pOTOpeuenUI1S1 npOTeKaIOT B KJIeTO'lHbIX reTepO<pa3HbIX
CI1CTeMaX, 11npl1pO.lla yMeJIO I1CnOJIb3yeT npel1MYIIIeCTBa TaKI1X CI1CTeM. KJIe-
TOqHaSl OpraHl13aUI1S1 <poTorpa<pI1'1eCKOrO npouecca TaK)l(e OTKPbIBaeT HOBbIe
B03MO)l(HOCTHHCnOJlb30BaTb «KaTaJIHTI1'1eCKYIOCI1JIYOpraHI130BaHHOW TKaHI1»,
Ha KOTOPYIOYKa3aJI EepueJII1Yc. ECJII1 npe.llnOJIO)l(I1Tb, '1TO OT UBeTo06pa3YIO-
IIIew KOMnOHeHTbI B peaKUHH 06pa30BaHI1S1 KpaCI1TeJISI MO)l(eT OTIIIenJISlTbCSI
HeKI1W KaTaJI113aTOp, cnoc06HbIW 113611paTeJIbHO HHHUHHpOBaTb OKHCJIeHl1e
npOSlBJISlIOIIIero BeIIIecTBa .ll0 XI1HOH.llHI1MI1HaHa nOBepXHOCTI1 KanJII1, TO
MO)l(HOO)I(H.llaTb 3Ha'lI1TeJIbHOrO YCl1JIeHHSIOnTI1'1eCKHX nJIOTHOCTew 11306pa-
)I(eHHSI. npl1 3TOM OKHCJIHTeJIeMMO)l(eT CJIy)I(l1Tby)l(e He raJIOreHI1.ll cepe6pa,
a .llpyrow BBO.llI1MbIWB cHcTeMy 3JIeKTPOHHbIWaKuenTOp, caM no ce6e, no KI1He-
TH'IeCKHM npHqHHaM (HanpI1Mep, H3-3a 3JIeKTPocTaTI1'1eCKoro OTTaJIKHBaHHSI
O.llHOHMeHHO3apSI)l(eHHbIX COe.llHHeHI1W),He cnoc06HbIW OKI1CJISlTbnpOSlBJISlIO-
IIIee BeIIIecTBo. TaKHM 06pa30M, pe'lb H.lleT0 .llBYXKaCKa.llHOMKaTaJIHTI1'1eCKOM
YCI1JIeHHH nepBHqHoro <pOTOXHMl1qeCKoro B03.lleWCTBHSIHa cHcTeMy. HMeH-
HO .llByxKaCKa.uHaSI cxeMa YCl1JIeHHSIHCnOJIb30BaHa B 3pHTeJIbHOW peuenUHI1,
no '1yBcTBHTeJIbHOCTHCYIIIeCTBeHHOnpeBOCXO.llSlIIIeW<pOTOMaTepl1aJIbI.

B HacroSlIIIee BpeMSI B <pororpa<p1111 npl1MeHSlIOT O.llHOKaCKa.uHoe yCI1-
JIeHl1e npH npoSlBJIeHHH MHKPOKPI1CTaJIJIOBAgHal. K03<P<PHUHeHT yCHJIeHHSI

Ha nepBOW KaTaJIHTH'leCKOH CTa.ll1111OKOJIO 109 (T. e. Ha O.llI1H<pOTOHBbI.lle-

JISleTCSI'" 109 aTOMOB cepe6pa). ECJII1 K03<P<PHUHeHT YCI1JIeHHSIHa BTOPOH

KaTaJIHTH'IeCKOH CTa.llHH 6Y.lleT nOpMKa 103 _104, TO B TaKoe )I(e qHCJIO Pa3
MO)l(eT 6bITb YBeJIHqeHa cBeroqYBCTBI1TeJIbHOCTb <pOTOMaTepl1Jla. npl1 HCXO.ll-
HOH '1YBCTBI1TeJIbHOCTH100 e.ll. fOCT BTOPOH KaCKa.ll yCHJIeHHSI cnoc06eH
nO.llHSlTb ee .ll0 100 TbIC. I1JIH .ll0 1 MJIH e.ll. fOCT H npl16JII13HTbCSI TaKHM
06pa30M K '1YBcTBHTeJIbHOCTHma3a. AHaJII13 <poTorpa<pH'IeCKoro npouecca
C TO'lKH 3peHHSI COOTHOlUeHI1S1Cl1rHaJI-wYM nOKa3aJI, qTO .llJlSlnpaKTHqeCKH
npl1eMJIeMOH 3epHI1CTOCTH H306pa)l(eHHSI ('" 30) TaKHe nOKa3aTeJIH BnOJI-
He .llOCTI1)I(HMbI.EOJIee TOro, B JII1TepaTYPe nporH03l1pyIOTCSI, npaB.lla 6e3
YKa3aHI1S1KOHKpeTHbIX nyrew .llOCTI1)1(eHHSIBbICOKOH'1YBCTBHTeJIbHOCTI1,CJIe-
.llYIOIIIl1eCpOKH pa3pa60TKI1 TaKHX MaTepl1aJIOB - 100 TbIC. e.ll. ISO K 2010 r.,
5 MJIH e.ll. ISO K 2040 r.

HHTepecHo npOCJIe.llI1Tb 3a TeH.lleHUl1eWpa3BI1TI1S1<pororpa<pI1'1eCKHX npo-
ueCCOB. npl1 nepeXO.lle OT '1epHo-6eJIOH K UBeTHOW<poTorpa<p1111OHa COCTO-
S1JIa B pa3.lleJIeHI1H CTa.llI1H B03.lleWCTBI1S1CBeTa 11 06pa30BaHI1S1 11306pa)l(eHI1S1
B npOCTPaHCTBe. JJ:aJIee B COOTBeTCTBl111C .lll1aJIeKTH'IeCKHM 3aKOHOM OTPH-
uaHHSI 0TPl1uaHHSI CJIe.llYIOIIIaSlcTyneHb pa3BHTHSI .llOJI)l(Ha 3aKJIIO'IaTbCSIB HX
06be.llI1HeHI1H, O.llHaKO Ha Ka'leCTBeHHO HOBOWOCHOBe. Pe'lb l1.lleT 0 HOBOW
apXHTeKTOHHKe <pOTorpa<pH'IeCKOrO CJIOSI11, B '1aCTHOCTI1,0 C03.llaHHH TaKHX
MHKpoKancyJIbHbIX CHCTeM, B KOTOpbIXHa KanJIIO OpraHH'IeCKoro paCTBOpI1Te-
JISI, CO.llep)l(aIIIero UBeTo06pa3YIOIIIYIO KOMnOHeHT)', I1JII1npOCTO .lla)l(e Ha caMy
KOMnOHeHT)', HapaIIIeHa 060JIO'lKa raJIOreHI1.lla cepe6pa [118].

qTO MO)l(eT.llaTb TaKaSl OpraHIi3aUHSI <poTonpouecca? npe)l(.lle Bcero, B03-
MO)l(HOCTbC03.llaHHSI UBeTo<pOTorpa<pH'IeCKoro npouecca He Ha MHOroCJIOH-
HbIX MaTepHaJIax, KaK 3TO .lleJIaeTCSICeH'IaC, a Ha O.llHOCJIOHHbIX.Ha PI1C. 176
nOKa3aHa cxeMa TPeXCJIOHHOrO <pOToMaTepl1aJIa. B TPex OCHOBHbIX CJIOSIX
CO.llep)l(aTCSIMHKpOKPHCTaJIJIbI AgHal, cneKTPaJIbHO ceHc11611J1113HpOBaHHbIe
K CI1HeMY, 3eJIeHoMy H KpacHoMy CBeT)', H c·ooTBeTcTBeHHo )I(eJITbIe ()J(K),
nypnypHbIe (nK) 11 roJIy6bIe (fK) UBeTo06pa3yIOIIII1e KOMnOHeHTbI. nOcJIe
3aCBeTKH 11UBeTHoro npOSlBJIeHI1S1(un) nOCJlOHHO 06Pa3YIOTCSI cooTBeTcTBy-
IOIIIl1e KpaCI1TeJII1 H306pa)l(eHHSI (crrpaBa).

•.-·n
•

Jl:JISInOCTPoeHI1S1O.llHOCJIOHHOrOUBeTHoro MaTepHaJIa Ka)I(.llyIOH3 UBeTO-
06pa3YIOIIII1X KOMnOHeHT, BBe.lleHHYIOB KaIIJIIO OpraHHqeCKoro paCTBOpHTeJISI,
He06xO.llHMO nOKPbITb 060JIOqKOH AgHal. nOCJle 9TOro B 3aBHCHMOCTHOT THrra
KOMrrOHeHTbI raJIOreHH.ll cepe6pa crreKTPaJIbHO ceHCH6HJII13HpyeTcSI KpaCHTe-
JIeM K Hy)I(HOH '1aCTI1 cneKTPa. CxeMa O.llHOCJIOHHOro <Pororpa<pHqeCKOrO
MaTepHaJIa nOKa3aHa Ha PI1C. 177. nOcJIe rrpOSlBJIeHI1S13aCBe'leHHOH 060JIOqKH
113AgHal B KanJISlX 06pa3yeTcSI COOTBeTCTBYIOIIII1HKPaCI1TeJIb H306pa)l(eHI1S1.

CJIe.llyeT OTMeTHTb eIIIe O.llHO Ba)l(Hoe CBOHCTBOMHKP0KarrCYJIbHbIX CI1-
CTeM. npl1MeHeHl1e TaKHX CI1CTeMMO)l(eT 0TKPbITb PM HOBbIXB03M9)I(HOCTeH
.llJlSlnOBbIweHHSI 3<p<peKTI1BHOCTI1CneKTPaJIbHOH ceHCH6I1JII13aUI1H. BBe.lleHHe
3JIeKTPOHoaKUenTopHbIX KpaCI1TeJIeH B fI1.llpo<p06HyIO KaIIJIIO MO)l(eT 06ecrre-
'1I1Tb 1130JISlUI1IOKpaCHTeJISI OT O2 11 H20, a TaK)l(e OT npHMeCHbIX ueHTPOB,
JIOKaJIH30BaHHbIX Ha BHeWHeH nOBepXHOCTI1 060JIO'lKI1 AgHal. H30JISlUHIO
KpaCI1TeJIeH, .lleceHcI16I1JII13HPYIOIIII1Xno .llbIpO'lHOMy MexaHI13MY, OT rrpHMec-
HbIXueHTPOB MO)l(HOoCYIIIecTBI1TbJII160 TeM )I(e crroc060M, JIH60 JIOKaJII130BaB
ueHTPbI Ha BHYTPeHHeH nOBepXHOCTI1 060JIO'lKI1, a KPaCI1TeJIb Ha BHewHeH
(PHc.178). H, HaKOHeu, crreKTPaJIbHaSI ceHCH6I1JII13aUI1S12-x nOBepXHocTeH
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PRe.177. nepcneKTHBHbIA QIlHOCJIOAHbIA BapHllHT UBeTHoro eJ>OTorpaeJ>H'IeCKoroMa-
TepHaJIa

p3.3.lleJIa AgHal KPaCHTeJIjIMH P3.3JIHqHOro THna Moma 6bI CYllleCTBeHHO YMeHh-

WHTh HX BJaHMHoe .llenpeCCHPYIOIuee BJIHRHHe, oc06eHHO npH YBeJIHqeHHhlX
nOBepXHOCTHhIX KOHueHTpaUHRX CeHCH6HJIH3aTOpOB.
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PRc.178. CxeMa nocTpoeHIDI MHKpoKancYJIhHhIX cBeTOqyBcTBHTeJIhHhIX 3JIeMeHTOB
COCTOSlUl:HXH3 KanJIH OpraHH'IeCKOro pacTBopHTeJISI H H3 060JIO'IKH AgHal Kp ~
KpaCHTeJIh, nu: - npHMecHhIH ueHTp (Ag2S) .

ITO.llBO,llR HTor, MOX<HO cKa3aTh, qTO B P3.3BHTHH $OToXHMHqeCKHX Cpe.llCTB

perHcTpaUHH HH$opMaUHH 3a cpaBHHTeJIhHO KOpOTKHH CpOK .llOCTHfHYTO

OqeHh MHoroe. ITPH 3TOM HeKOTophIe npHHUHnHaJIhHhIe peweHHH OKa3a-

~HCh 06IUHMH C npHpO.llHhIMH npoueccaMH, qTO; pa3YMeeTCH, He CJIyqaH-

0, TaK KaK onpe.lleJIRIOTCH e.llHHhIMH 3aKOHaMH npHpO.llhI. ECTeCTBeHHO,

qTO pa3pa60TaHHhIe qeJIOBeKOM cnoc06hI npOlUe, qeM HaH.lleHHhIe npHpO.llOH

B pe3YJIhTaTe MHOroBeKOBOH 3BOJIIOUHH, OCHOBOnOJIaralOlUHMH npHHUHnaMH

KOTOphIX RBJIRIOTCR YCJIO)(<HeHHe npoueCCOB H .llP06JIeHHe HX Ha MHO:lKeCTBO

OT.lleJIhHhIX CTlI,IJ.HH. 3TH npHHUHnhI nOKa He B nOJIHOH Mepe HCnOJIh30BaHhI

B $OTOrpa$HH. HaM npe.llCTaBJIReTCR, qTO peaJIHJaUHR 3THX npH'HUHnOB -

O.llHH H3 nporpeccHBHhIX H 6eCnpHCTpaCTHO npOBepeHHhIX npHpO.lloH ny-

TeH COBepWeHCTBoBaHHR $OTonpoueCCOB. MO:lKHO C yBepeHHOCThlO CK3.3aTh,

qTO CTapHHHhIH $OTorpa$HqeCKHH npouecc Ha OCHOBe raJIOreHH,llOB cepe6pa

6JIarO.llapR CBoeMy YCJIO:lKHeHHIO B «UBeTHOM BapHaHTe» yxe nOJIyqHJI HO-

BylO :lKH3Hh. HeT COMHeHHR, qTO npHMeHeHHe OT06paHHhIx eCTeCTBeHHOH

3BOJIIOUHeH npHHUHnOB KJIeTOqHOH opraHH3aUHH, MHorOKaCKlI,IJ.HOrO KaTaJIH-

THqeCKoro yCHJIeHHR H XHMHqeCKoro nporpaMMHpoBaHHR npoueCCOB npH.llaCT

HOBhIH HMnyJIhC pa3BHTHIO $oTOrpa$HH B He.llaJIeKOM 6Y.llYlUeM.

HaKoHeu, ueJIeCOO6pa3Ho cpaBHHTh B03MO:lKHOCTH XHMHqeCKHX $OTO-

rpa$HqeCKHX npoueCCOB C 3JIeKTpOHHhlMH MeTO.llaMH pernCTpaUHH H306pa-

:lKeHHR, nOJIyqHBwHMH HHTeHcHBHoe p3.3BHTHe B nOCJIe.llHee .lleCRTHJIeTHe.

B OCHOBe 3JIeKTpOHHhlX MeTO.llOB $OTorpa$HH JIe:lKHT perHCTpaUHR OnTHqe-

CKOH HH$opMaUHH C nOMOlUhlO MaTpHU $OTOqYBCTBHTeJIhHhIX 3JIeMeHTOB.

3JIeKTpHqeCKHe CHrHaJIhl, B03HHKalOlUHe Ha CBeTOqYBCTBHTeJIhHhIX 3JIeMeH-

Tax, CqHThlBaIOTCR MeTO.llOM 3JIeKTpOHHoro CKaHHpOBaHHR H 3anHChIBalOTCR

Ha MafHHTHhlX HJIH .llPyrnx HOCHTeJIRX HH$opMaUHH B UH$pOBOM BH.lle. 3aTeM

3anHcaHHoe H306paxeHHe MO:lKeT 6hlTh BOCnpOH3Be.lleHO Ha 3KPaHe TeJIeBH30-

pa HJIH B BH,lle 6YMa:lKHOH KonHH. ITepBaR 3JIeKTpOHHaR $OTOKaMepa Mavica

$HpMhl Sony Corp. (.SInoHHR) nORBHJIHCh B 1981 ro.llY. 3aTeM 3JIeKTpOHHhIe

KaMephI 6hIJIH pa3pa60TaHhI Be,llyIUHMH $OTorpa$HqeCKHMH $HpMaMH.

B KaqeCTBe $OTonpHeMHHKoB H306paxeHHR HaH60JIhIIIee pacnpOCTpaHe-

HHe nOJIyqHJIH npH60phI C 3apMoBoH CBR3hlO - IT3C-MaTpHUhl, COCTORIUHe

H3 MHO:lKeCTBa $OTOqYBcTBHTeJIhHhIX 3JIeMeHTOB (nHKCeJI). Ha pHC. 179 nOKa-

3aHa IT3C-MaTpHua, HMelOIUaR 06IUee KOJIHqeCTBO nHKCeJI 4· 10
5

C p3.3MepOM

OT.lleJIhHOH nHKCeJIhl 12 x 14 MKM
2

[119]. Ha TOM:lKe pHcyHKe npHBe.lleHa $0-

Torpa$HR BepXHero CJIOR UBeTHOH HeraTHBHOH ITJIeHKH SHR-I00 $HpMhI Fuji

(.SInoHHR). 113 pHCyHKa COBepIIIeHHO OqeBH,llHO npeHMYlUecTBo $OTOnJIeHKH

KaK no 06IUeMy qHCJIy CBeTOqYUCTBHTeJIhHhlX 3JIeMeHTOB, TaK H no qHCJIy

3JIeMeHTOB Ha e.llHHHUY IIJIOIUlI,IJ.H $oTonpHeMHHKa. ComaCHO oueHKe [119]

Ha ITJIeHKe $opMaToM 24 x 36 MM
2

(8,64 CM
2

) CO.llep:lKHTCR '" 10
10

MHKpO-

KpHCTaJIJIOB AgHal, B TO BpeMR KaK Ha IT3C-MaTpHue nJIOlUlI,IJ.hlO 0,58 CM
2

KOJIHqeCTBO nHKCeJI paBHo 4 . 10
5. CpaBHeHHe UBeTHOH HeraTHBHOH nJIeH-

KH H 3JIeKTpOHHOH $OTOKaMephI nOKa3hIBaeT, qTO UBeTHaR nJIeHKa HMeeT

RBHhle npeHMYlUeCTBa no cpaBHeHHIO C IT3C-KaMepOH KaK no KOJIHqeCTBY

3JIeMeHTOB H306paxeHHR, TaK H no HH$opMaUHH 0 UBeTe H MeHhIIIHM HCKaxe-

HHRM H306paxeHHR [119]. 3JIeKTpoHHaR KaMepa no pe3KOCTH H 3epHHCTOCTH

H306paxeHHR npH6JIH3HTeJIhHO 3KBHBaJIeHTHa UBeTHoH HeraTHBHoH nJIeHKe

C 3$$eKTHBHoH nJIOIUa,llhlO 3,1 x 4,7 MM2 ('" 0,15 CM
2

), qTO B 60 pa3 MeHhIIIe

nJIOIUa,llH 06hlqHOro Ka,llpa 35 MM nJIeHKH. IT03TOMY npeHMYlUecTBo UBeT-

HOH HeraTHBHOH nJIeHKH no cpaBHeHHIO C 3JIeKTpoHHhIMH $oTOKaMepaMH

no OueHKaM CneUHaJIHCTOB 6Y.lleT coxpaHRThCR eIUe .llOJIro [121].
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PHc.179. MHKpocj:>OTorpaqmH Il3C"MaTpHuhI C tIHCJIOMrrHKCeJl 4.105
- (a) H Bepx-

Hero CJIOJlUBeTHOH HeraTHBHOH lIJIeHKH SHR-100 cj:>HpMhI<l>YA3H(RrrOHHJI) - (6)

B 1995 r. <plfpMa KOiJ,aK BbmyCTlUla Ha PbIHOK npo<pecclfOHaJIbHYIO KaMe-
PY DCS 460 C n3C-MaTPlflleM 60JIee BbICOKOro pa3peIIIeHlfH, IfMeIOmeM OKOJIO
6 MJIH nlfKCeJI. no KaqeCTBY 1f306pa)l(eHlfe nplf6mucaeTcH K <poTorpa<plfqec-
KOMY, OiJ,HaKO lleHa KaMepbI 60JIhIIIe 10 TbIC. iJ,OJIJIapOB CIIIA. 3JIeKTpOHHbIe
ClfCTeMbI HaMiJ,YT nplfMeHeHlfe, B nepBYIO OqepeiJ,b, B HayqHbIx IfCCJIeiJ,OBaHlfHX,
B KOMMepqeCKlfX If MeiJ,lflllfHCKlfX lleJIHX If B npOMbIIIIJIeHHocTIf. 3iJ,eCb onepa-
TlfBHOCTb nOJIyqeHlfH If 06pa60TKIf 1f306pa)l(eHlfH OnpaBiJ,bIBaeT 60JIee BbICOKHe
paCXOiJ,bI If HeCKOJIbKO XYiJ,IIIee KaqeCTBO IfH<p0pMalllflf. TaKHM o6pa30M, B 3a-
KJIIOtIeHlfe MO.lKHO yTBep)[()laTb, qTO <poTorpa<p1f1f Ha OCHOBe raJIOreHH)J.OB
cepe6pa npeiJ,CTOlfT iJ,OJIra5I .lKlf3Hb. 5IPKlfM nOiJ,TBep)KiJ.eHl1eM :noro MO.lKHO
Cql1TaTb nepexoiJ, B 1996 r. BeiJ,YIllI1X <pI1PM Ha HOBhIM <POpMaT (APS). nplf
MeHhIIIeM nJIOIllaiJ,11 KaiJ,pa (B 2 pa3a) COXpaH5IeTC5I BbICOKoe KaqeCTBO llBeT-
Horo 11306pa.lKeHI15I. 3TO CTaJIO B03MO.lKHbIM 6JIarOiJ,apH HOBbIM iJ,OCTI1.lKeHI1HM
XI1Ml1qeCKOM raJIoreHI1iJ,ocepe6p5IHOM <poTorpa<pl1l1.

B KHl1ry )J(113HI1 <poTOrpa<pl1eM Bnl1CaHO HeMaJIO 3aMeqaTeJIbHbIX cTPaHI111
OiJ,HOBpeMeHHo B TPI1 ee maBbI - B I1CKYCCTBO, B HayKY 11B MaTep"aJIbHOe npo-
113BOiJ,CTBO. <DoTorpa<pH5I COCTaBJI5IeT HeOTheMJIeMYIO qaCTb 3MOlllfOHaJIbHOM
.lK113HI1 JIIOiJ,eM. OHa He TOJIbKO iJ,OCTOBepHO 3aneqaTJIeBaeT KapTI1HbI .lK113HI1
BO BceM 60raTCTBe I1X <pOpM 11 KpaCOK, HO 11 BOCnp0I13BOiJ,I1T I1X 6JIarOiJ,apH
llBeTO<poTorpa<pl1qeCKOMY npolleccy B PaiJ,OCTHO Y3HaBaeMOM BI1iJ,e.
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