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Jlesiki TeTeporeHHi peakiii MOXKHa Bi3yalli3yBaTH, BHKOPHCTOBYIOUM 3BHYalHY (OTOILIIBKY HE SIK JETEKTOP
(OTOHIB, a SIK IHAMKATOP TUX XIMIYHUX MPOLECIB, MiJ] Yac SIKMX YTBOPIOIOTHCS MPOIYKTH, 3/1aTHI pearyBatu 3 AgBr i3
THM K€ CaMHUM HaCJIiKOM, 1110 i (OTOHH — IIepeBoAUTH cpibio y metaneBuii cta. [Ticist mposiBICHHS TUTIBKH MOXHA
oJepKaTh KapTuHy nepe0iry peakiii. Lleit metos Bizyanizauii Ha3BaHO MeTOIOM Xemorpadii; 3a3Bu4ail IPoLyKTOM,
KU BHUKIUKae xemorpadiuauii edext y (OTOIITBLI, € aTOMapHUA BOJCHb, SAKUH BHIUISETHCS SK HMPOMDKHHUI
TIPOYKT ¥ GaraThOX reTepOreHHHX peakiisx. Hari oiHKH MOKasykoTh HaA3BHUaiiHy dyTIHBICTE MeTomy (10 107
BOJIHIO), 3aBISKH TOMY, LIO CIIOCTEPEKCHHS BEICTHCS B HAKOIMYYBAIBHOMY PEXHMi, a TaKOX IiJCHICHHIO

300paXeHHS IIiJi Yac NPOSBIICHHS,

TOOTO Bi3yali3yIOTBCSl TE€TEpOreHHI peakmii HagMmanoi IHTEHCHBHOCTI.

ExcriepiMeHTanbHO BCTaHOBJIECHO, IO METOJ MOXKEe OYTH YCIHIIIHO BUKOPUCTaHWH Ul Bizyamizalii Ha HOBEPXHSIX
6araTh0OX HaIIBIPOBITHUKIB i METAJIB JAy’Ke ITUPOKOTO KOJIA MPOLECIB: eJIEKTPOJHUX, KOPO3iHHUX 1 T.1I.
KurouoBi ciioBa: rereporeHHi peakiii Haamanol iHTEHCHMBHOCTI, (OTOIUTIBKA, Bizyamizallis, xemorpadiunuit

edekt, Mmeroq xemorpadii.
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Beryn

Bizyamizauwis  Qi3uKo-XiIMIYHHX ~ TIpoOLECiB €
MPUBAOJIMBOIO TIEPIII 32 BCE THUM, II[0 J03BOJISE TOOAYUTH
NPOCTOPOBY KAapTUHY SIBUILA HE TUIBKH B TOJOBHHX il
pucax, ane i nmeransx. [Ipu IHTEHCHBHHX peakLisx Ie
MOJKHA 3pOOHTH KULTbKOMa METOAAMHU - ONTHYHHMHU a0o
teroBi3iiHuMu [1]. IHmma curtyamis BWHUKae, KOJH
peaktii c1abOiHTEHCHBHI, KOpO3iifHI TMporecH Harmp.
BoHH CyNpOBOKYIOThCS BKpail MaiuM BHIUICHHIM
eHepril 1 yTBOPEHHSM NPOAYKTIB 10 Maci. besnepuHo,
Cy4acHI METOAM — AaTOMHHH CHEKTPaJIbHUN 1 Mac-
CIIEKTPAIbHUN aHaNi3u, PEHTTeHIBCHKUI MiKpoaHami3,
OKe-CIEeKTPOCKOIIIST Ta IHII — JO3BOJISIOTH BUSBISATH
BEJIbMM Masli BMICTH pedoBMHH. OJHaK yci Li MEeToIu
BUMAralOTh  IEPEBEIACHHS  aTOMIB  JOCII/KYyBaHOI
pEeUOBHHH 3a YMOB BaKyymy y CTaH
BHCOKOEHEPIreTHYHOro 30y/DKEHHS, Yepe3 10 He JaloTh
MOXJIMBOCTI CIIOCTEpIraTH INPUPOAHUH XiJ XIMIYHOTO
npoiiecy. Ajie came MIKpPOA03aMy BCTYMAae PeYOBHHA B
XiMiYHI TIepeTBOpeHHs y 0araTboxX TeTepoIpoIecax,
SBHIAX METa0OJI3My B JKMBUX oprafizmax i T.r. [lpm
IIBOMY JaJIEKO HE 3aBXKAM KiHEeTHKa XIMIYHHX peaxIii 3i
3BUYHAMH KOHIICHTpAI[IIMH PEareHTiB 3aUIIa€ThCs
TaKOIO X IPU NEPEXO/Ii 10 PO3UMHIB 1 ra30BUX CYMIILIB 3
HaIMaJMMH KOHLEHTpalisiIMU AOMIMIOK. MaroTbcs Ha
yBa3l Taki KOHLEHTpalil PeYOBHHHU, KOJM 1i MOJEKYJIH
HepexolsiTh y  CTaH  MOJEKYJ-OAWHOYAK,  SKUH
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XapaKTePU3YEThCS MPAKTUYHO HYJIHOBOIO HMOBIPHICTIO
3yCTpiui MOJIEKylM 3 c0o0i MOmiOHOK 3a  dYac
croctepexeHHs. J[s ra3y Taka CuTyallis HAcTae Opu
KOHIICHTpAIlil JOMIIIKH — 107CM’3, TOOTO BiAMOBiZae
iHTepBaNy  MIKOKOHIICHTpPAIiH. Momnexymw, 101
ONMHWIIACS B TaKOMY CTaHi, 1M030aBJ€HI €HepreTUIHUX
3B'SI3KiB MK cobOoro 1 Ha Oyme-sKi mOii pearyroTsh
CaMOCTIHHO - KOJIEKTHBHI Aii 3 IXHPOTO OOKY HEMOJKIIHBI.
Mo)kHa NpPUOYCTUTH, LIO0 caMe 1€ 1 € OCHOBHOIO
NPUYMHOIO PEeHOMEHY HaJMaIX KOHIIeHTpauii [2].

I. Metoa xemorpadii, iioro npupojaa

YcnimHUM ~ KPOKOM y  HampsAMi  JOCIIJDKEHHS
reTepPOreHUX PeaKIlii HaJMaIol IHTEHCUBHOCTI €, Ha HaIlI
norysig, Meroj xemorpadii. Ines merony HanzBuuaitHO
npocTa: BUKOpPHCTaTH (OTOILIIBKY HE SK JAETEKTOp
CBITJIOBUX KBAHTIB, a K IHJUKATOP XIMIYHUX IMPOIECIB,
JTAJIEKO HE BCiX, 3BICHO, a CaM¢ THUX, NMPOAYKTH SKHX,
pearupyroun 3 Kpuctanmukamu AgBr, sk i1 ¢oToHH,
nepeBoaH O cpibiro B MeTaleBUi CTaH.

Bxe pnaBHO momiueHo (uei edexT HA3UBAIOTH
epektom Pacema [2]), mo Oaratro MeramiB i
HaMIBIPOBIIHUKIB, B TOMY YHCII KpuUcTaau Si 1pu
OKHCIIEHHI Yy BOJIOTIH artmocdepi B HPUCYTHOCTI
3BUYaiiHOT (oToIuTiBKM Ha ocHOBI AgBr 3martHi
CTBOPIOBATH B Hill MpUXOBaHE 300pakeHH:, SIKE MOTIM
MOKHa BHISIBUTH 3BHYAHUM NPOSBICHHIM. MexaHi3M
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BOTO SBHINA AOBro OyB He3po3yminmuM. Y 60-x pokax
XX cT. HOT0 MoYaiu MoB'A3yBaTH 3 TUM, II[0 IOBEPXHS,
OKHCIIIOIOYHCh, eMiTye ek3oelekTponu [3] abo
yinbtpadioner [4], abo X BUAUISE Hapud MeETAlIB,
nepekuc BoaHoo 1 T.m. [4]. B poborax [5-6], ne
nociipkyBaBcss edekr Pacema B Si, jkomHa 3 IuX
rinoTes3, Ha JyMKy aBTOPOB, HE HiATBepauiacs; i Oyio
BHUCJIOBJIGHO  NpPUIYHOICHHS, [0 HOro  BHUKJIHKAE
necopOmist  30ymkeHuX Mojiekyn BomHio [2]. Ille
Ii3HINIe Ha TpHUKIagi Si Oyno OXHO3HAYHO JOBENEHO,
mo edekr Paccema He moB's3aHUil 3 OyAb-IKUMH
BUIIPOMIHIOBAHHSIMU 1 CIPHYUHSIETHCS CaMe JIETKUMHU
AKTUBHUMH MPOJYKTaAMU OKHCIEHHS, SIKi JeCOPOYIOThCS
3 MOBEPXHI B MOBITPs 1 BUIBHO AU(PYHAYIOTH B HbOMY
[7]. Hocsiratoun hotoemyibeii, BOHW BUKIMKAIOTh y Hiid
po3nan kpuctaniB AgBr 3 BUIiICHHIM Ag 1 THM caMUM
YTBOPIOIOTH B Hill IIPUXOBaHE 300paKeHHSI.

JlocnipkeHHsT Tepeiiin Ha SKiCHO HOBWI eTarl,
KoK OyJIo BHSBJIECHO, IO NPUXOBAaHE 300pa)KEHHS B
(dotoemynbcii BHHHMKAae B TpoIecax OKHCICHHS i
CaMOPO3YMHEHHS MiJ0i HU3KH HAIMiBIPOBITHUKIB 1
METalliB HE TINBKA y BOJOTiH atmocdepi, ame W mpu
3aHypeHHi X pa3oM 3 (OTOIUTIBKOIO B BOAY UM BOTHHMA
po3unH enektpomity [13]. Lle sBume Oymo Ha3BaHO
xemorpadiuauMm edexrtom. PedoBuHHM, 3maTHI HOTO
BHUKIUKaTH, Oylu Ha3BaHI XxeMorpagiqHO aKTUBHUMH, a
CTBOPIOBAaHE HUMH 300paXKEHHSI — XEMOIPaMOIO aKTUBHOT
nosepxHi [11].

B xoni TpuBanmux mociikeHb OYJIO BCTaHOBJIEHO,
IO 3JaTHICTh BHUKIMKAaTH XxeMorpadiuHuii edext y
pI3HMX BOJHUX pO3YMHAX BUSBISIE IIHPOKE KOJIO
enemeHtapaux pedoBuH (Si, Ge, In, Ti, Fe, Cu, Al), a
TaKOXX CIONYK 1 CIDIaBiB, IO MICTATh TaKi €IeMEHTH
(mropains, OpoHI3a, CTallb, YaBYH, PepUTH, CHITyMiH) [1].
Buxongsun 3 1mporo, a TakoX 3 TOrO, IO B CYXiH
atMocdepi edekr Paccema He cmocrepiraerbes [8],
MOJKHA TIPHUITYCTHUTH, II0 B YCiX IMX BUMagkax 3 AgBr
pearye omuH 1 TOH caMuii XIMIYHHH KOMIIOHEHT 3
BUCOKHMM BIJIHOBHMM [OTEHI[IAJIOM, M0 BXOIHWTh [0
CKJIaay BOJM abo MICTHTS 11 ckiiaoBy yactuHy. Ckopie
3a BCe, 110 Lie aTOMapHUi BoieHb H, KUl yTBOPIOETHCS
B XOJIi OKHCJICHHSI aKTUBHUX MaTrepiajiiB BomoI0 (4u 3a ii
MIPUCYTHOCTI) B pE3yJbTaTi JUCOLIATHBHOI ajcopOuii
H,O. CunpaBpai, NOpiBHAHHA CTaHAApPTHHX 1300apHO-
i30TepMivHUX MOTeHIaiB yrBopeHHs AgBr, Ag, HBr, H
i H, (muB. [10]) mokasye, mo peakuis AgBr 3 aromapHIM
BOJIHEM:

AgBr+H — Ag + HBr,
B SKiid 3MiHa CTaHAAPTHOTO 1300apHO-130TEPMIYHOTO
moTeHmiany BimemHa (AG° 159,7 xI>x/M0JIB), MOXKE
WTH CaMOBLIBHO, TOK aTOMAaPHHUI BOACHB IIJIKOM 3IaTCH
cupuunHATH Xxemorpadiyanii edext. Ha xopucth miei
rifoTe3u HENPSMO CBIAYMIM i eKCriepuMeHTH. Tak B [9]
BUJUICHHS AaTOMapHOrO BOJHIO  CBIXKOOOPOOJCHHM
KPEeMHIEM TMpPH HOro OKHCICHHI Yy TOBITPi OyJ0
3a(iKCOBaHO 3 JOMTOMOTOK0 AaHAJITHYHHX iHIWKATOPIB HA
OCHOBI JKOBTOTO OKHCY MOJiOAeHy 1 MonibaeHoBo-
Kucioro amoHio. B [14] 3 nmomomoroio ¢oTorutiBku
Oyio Bi3yalli3oBaHO EJNEKTPONI3HY pEaKIil0 PO3UYNHY
NaCl Ha ™IaTHHOBUX €NEKTPOAax, 1 IOYOPHIHHSI
eMyJbcii BmOymocs Ours kaTomy, TOOTO Tam, Je
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BUIISIETHCS BOIEHb.

Hapemri, Hociii xemorpadiuHoro edexkry OyB
ineHTH(IKOBaHMII B pe3ysbTaTi JOCITIPKEHHs HOro
qudy3ii y BOAHUX PpO3YMHAX EJIEKTPOJITIB PIZHOTO
ckiany. Bimomo, mo koedirieHT audy3ii BOIHIO Y BOJI B
KiJlbka pa3iB  Outbmid  3a  koediuientn  audysii
qyxopinHux gominiok. Crpasai, 3HaiaeHe B pooori [15]
cepenHe 3HaueHHs KoediuieHTa nudysii xemorpadidyao

akTuBHOro mudysanra D=~ (4,7%1,9)-10%cm’/c B

KiTbKa pasiB  Oumpmie Bil THIHBOTO  3HAYCHHS
KoeiIieHTy mdy3ii JTIOMIIITKOBH HOHIB
D~ (1,5+0,5)-107cm’ /c. Tam ke, BUXOASAYM 3 L€
BEJIMYIHA KoQimieaTy mudysii Ta YMOBH

peareHTo3gaTHOCTI mudy3anta 3 AgBr, Oyno mokazaHo,
M0 HOcieM xemorpadiuHoro eQexkTy € aToMapHuit
BoAeHb H, HelTpambHUEl Timpokconiid H;O abo inmmit
kommiekc tuny H-nH,O, ne n — mime umenmo. [ns
KOPOTKOCTi TOBOPUTHMEMO JaJli PO aTOMapHUK BOJICHb,
Mapuyd IpH 1bOMY Ha YBa3i MOXJIHUBICTH HOro
BXOJ/IKEHHSI y CKJIaJl KOMIUIEKCIB 3 MOJIEKYJIaMH BOJIH.
XemorpagiuHa Bizyanuzauis aecopOrii aroMapHOTro

A, arb. units

0.2+

0,04

T ¥ T ¥ T :
oo 0.8 1.0

T ¥ T F T F T d
15
d, mm
Puc. 1. 3anexHiCTh ONTHYHOI TYCTHHHU XeMorpamu (A)
Bix Bigcrani (d) Mixk Si 1 IUTIBKOO.

BOJHIO  JIO3BOJIIE  CIIOCTEepiraTd  3a  repedirom
HaWpI3HOMAHITHIIINX TIEeTEPOreHuX  peakuiii  mainol
IHTCHCUBHOCTI, K y Ta30MOAi0HOMY, Tak i B PiIKOMY
cepenoBuIi. BusiBuiocs, mo Ha xemorpadiunuii edext
CYTTE€BO BIUIMBAIOTH Taki (haKkTopu, 5K IONEPEaHE
TeroBe, nasepHe 1 Y® ompomiHeHHsA, 00poOKa
NOBEpPXHI arpeCHBHAMH pO3YMHAMH Ta aKTHBHUMH
MPOAYKTAMH Ta30BUX 1 IUIa3MEHHHUX pEaKIlii, HOHHE
TpaBineHHs Ttomo [11]. [Ing mnpukmany HaBoAUMO
XEeMOTPaMH IIOBEPXOHb TBEPAUX Till, HA SIKUX MPOTIKAIH
TI YM IHIII TeTEPOTeHHI mporecH. [IiamucH 10 MaTOHKIB
KOPOTKO OIIMCYIOTh YMOBH €KCIiepUMeHTy. Tak Ha puc. 2
Npe/CTaBlICHa  XeMorpaMMa  MOBepxHi  Si, w10
OKHCIIOBanacsi B TpupoiaHux ymoax. Cepis Oinmmx
PUCOYOK Ha Hil - BioOpa)KeHHS TOrO, IO B MIiCIAX
MEXaHIYHUX TIOIIKO/DKEHb IPaTKy (B TAHHOMY BHIAJAKY
MOJPSINMHKI) OKUCIIIOBaJIbHI MPOLECcH HIyTh 3 OLIbIIOI0
mBuakictio. Ha puc. 3 1 4 moka3zaHo BmmB Ha Si
TIIOYOTO PpO3pANy 1 CKOHAEHCOBaHOI BoJorH. B
OCTaHHBOMY BUITJIKY CIIOCTEPIraeThCs
CaMOCTPYKTYPYBaHHA BOIU Tpu (Pa3oBOMYy MeEPEXOi.
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Puc. 2. Xemorpama noBepxHi Si, 110 OKHCITIOBaJIach.
bini pucku — norepeiHLO HaHECEH] HA TOBEPXHIO
HOAPSIUHA.

TakuM 4MHOM e(EeKT CTBOPIOE YHIKAIBHY MOXIIHBICThH
BizyaJizauii MUpoOKOro kKoja (i3sMKo-XiMIYHUX IPOLECIB
Ha IMOBEPXHI TBEPIOTO TiJa.

OniHuMoO dYyTIMBICTE MeToay. BizeMemo s
NPUKIIaAy MPOLEeC OKUCICHHS Si — HalO1Ibllle BUBYEHOTO
xeMorpagiuHo aKkTUBHOro Matepiany. [IpupomHuid
OKHCeJ Ha MOBEPXHi Si YTBOPIOETHCS MPUOIU3HO 3a TPU
mobu, mae TtoBmuHY d~0,005MKkM 1 MICTHTH Ha
lom? = 4-10%em™ moiekyn SiO;. Och OIUH 3 MOKITUBHX
cnoco0iB okuceHHs Si 3 y4acTio aromapHoro H:

Si + 0, + 2H,0 — Si(OH), )
Si(OH), — SiO, + O, + 4H )
0, + 4H — 2H,0. (3)

BpaxyBaBmu Te, 10 akTy yTBOpEHHS | MOJIEKyJIH
Si0,, Biamomimae mecopOuis 4 aTOMIB BOJHIO, JIETKO

OIIIHUTH CEPENHI0 IMBUJAKICTh PEAKIii 10 BOJHIO:

o 1 ..

<U> =6-10 —— . Hac xemorpadiynoi excro3uuii -
CM” -C

yac nepeOyBaHHS (OTOIUIIBKM B KOHTAKTI 3 IMOBEPXHEIO
TBEPAOTO Tijla B Ta30BOMY CEPENOBUILI IUISI OJEP KaHHS
yiTkoro 300pakeHHs, ckiagae 1 rox. Bpaxysasmm
PO3AiIBHY 3HAaTHICTH IUTIBKH, MOKHA CTBEPKYBATH, IO
BOHA 3/1aTHAa 3apeecTPyBaTH IOTIK BOTHIO 3 IDIOIII

s=50x50ié *
necopomii N = <U>St ~6-10° aToMiB BOJHIO, 1[0 10 Maci

3a yac ekcmo3uuii Iie BigmoBsigae

ckmagae ~107"*r. HaitayTnmpimmii mMac-criekTpanbHui

amaniz peectpye ~107°r nomimku [4]. Taka BucOka
YYTJIMBICTh XeMOrpaiuHOro MeETOAy HOSICHIOETHCS
JBoMa (akTopamu: YacoM XeMmorpadidHoi eKCIIo3Mmii
(peectparis BUIUIEHHS BOJHIO BEIETHCSA B
HaKOMMYYBaJIbHOMY PEKUMI) i MPOIEAYPOIO TIPOSBICHHS
IDTIBKH, $Ka TIOCWIIOE TPUXOBaHE 300pakeHHHS B
~10%10’ pasis. He nuBisiunch Ha, 3maBayiocst 0, BEJIHKI
YacH eKCIIO3UILii, MH OIEPKYEMO IPAKTHYHO MHTTEBY
KapTUHY, OCKUIBKH JIOCIIDKYIOTHCSI TOBUIbHI IIPOLECH.

Bucunosku

[ITupoke KOJIO TETEPOrCHHWX PpEaKIiii HamgMaIol
IHTCHCHBHOCTI, MOB'I3aHUX 3 BHAUJICHHSAM aTOMapHOTO
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Puc. 4. Xemorpama (I1o3uTHB) TOBEpXHi 3paszka Si,

yacTHHA fAKO1 OyJia mimmana mii mapu BOAM (TEMHHA

KPY>KOK 31 CIIiJaMH CTPYKTYpyBaHHsS BOJOrH). Pemrra

MTOBEPXHI 30eperia Mo4aTKkoBy XxeMorpagpiaay
AKTURHICTH.

Puc. 3. Xemorpama (MO3uWTHB) TMOBEpXHI 3paska Si
micinst OomOapnyBaHHs Ti iloHaMu Ar 3 eHepriero
6mm3bko 1keB. CBiTiMi TpPUKYTHUK BCEpeAMHI —
3aeKpaHOBaHa BiJ| Jii po3psy 4acTHHA IOBEPXHi, sKa
30eperiia moYaTkoBy XeMorpadiyHy aKTHBHICTb.

BOJIHIO, MOXKE€ OyTH Bi3yasli3oBaHe 3 JOIMOMOTOI0 METOIY
xemorpadii. yist peectparlii aTOMapHOTO BOJHIO B IIBOMY
METO/li BAKOPUCTOBYEThCSI 3BU4aiiHa (oTorutiBka. Meron
HaI3BUUaitHO dyTimuBHi (10 ~107'*r  gomimkwm), yro
00yMOBJICHE MOJXJIMBICTIO HAKOIWYEHHS HPOJYKTIB
posmany AgBr B ewmynbcii mig Yac eKCHO3HWINT i
MOCHJICHHSM ONTHYHOI T'YCTHHH 300pa)K€HHS B MUIbIIOHU
pa3iB TpH TPOSBICHHI IUTIBKA. 3 JOMOMOTOK METOIy
BIXKE Bi3yaJli30BaHi peaKilii OKUCIEHHS 1 Kopo3ii 6aratbox
MaTepianiB, MPUYOMY HAWPI3HOMAHITHINI TOMEpeaHi
BIUIMBM HAa  JIOCTI/DKYBAaHI  TOBEPXHI  3HAXOMASATH
BiZIOOpaXKeHHsI Ha Xxemorpamax. be3ymoBHO, ixHe
TIIyMa4eHHsl MOTpeOye MONANbIIUX JOCIIKEHb, aie
BaXJIMBUM, Ha Hally AYMKY, € TC, 11O 3 JOIOMOI0IO
xeMmorpadiuHoro  eekTy MOXXHA B IPUHIMII
CIOCTEpIraTu mepedir peakiliii HaJaManoi IHTEHCUBHOCTI.
Mertox xemorpadil Moxe BHSABUTUCS BEIbMU KOPUCHUM
JUIsL  pO3B'si3aHHS 0araThbOX NPHUBAONMBHX 33734 B
TeXHiIl[i, €KOJIOTi1, METUIIMHI.
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Some of heterogeneous reactions can be visualized by using a usual film which works as a chemical process
indicator rather than a photon detector. This film indicator would show which processes involve the formation of
products able to react with AgBr dies like photons transforming Ag in a metallic state. Thus the chemical reaction
would form its latent image in a film. Then this image can be made visual by usual development. In contrast to the
molecular hydrogen, atomic hydrogen easily supersedes metal from bromides. Experiments have confirmed that the
film in the complete darkness is getting black while contacting atomic hydrogen. This allows the film-based
visualization of different oxidizing processes because atomic hydrogen is a volatile product of many oxidation-
reduction heterogeneous reactions. This method is called a chemography. Our tests show that its sensitivity threshold
is about ~10™'*g of hydrogen. Two factors explain this: exposure time (accumulating registration of hydrogen) and the
film development procedure amplifying the latent image in ~10°+107 time. Chemography visualization of atomic
hydrogen desorption allows to observe a course of electrode reactions, corrosion processes and diverse technological
surface phenomena in many metals and semiconductors.
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